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CHAPTER I
INTRODUCTION
Yttrium Aluminum Garnet (YAG, Y3Al5O12) is a synthetic crystal with a compli-
cated atomic structure. Doped varieties are used for solid state lighting [3], as thermo-
graphic phosphors [4], in thermal barriers [5], and as lasing mediums [6]. The inherent
thermal design issues of these applications motivate the study of the thermal transport and
bulk properties in YAG. However, recent efforts to exploit and understand the small-scale
behavior of YAG in, for example, radiation environments and luminescent excitation has
prompted the study of the material from a atomistic point of view. In these detailed re-
search studies quantities such as dominant vibrational modes, density of states and other
non-equilibrium descriptions are important to deducing the interactions of thermal quanti-
ties with other physical effects.
In the foregoing work, a molecular dynamics simulation is used to extract bulk ther-
mal properties of the YAG structure. By comparing the results to established bulk values,
we can learn about the efficacy of the simulation approach to model thermal properties and
transport of pure YAG crystals. This effort will lay the ground work for molecular dynam-
ics in further studies of more detailed properties that can not be compared directly with
measurements.
Since YAG has a relatively low thermal conductivity, its thermal transport is pri-
marily governed by phonons, which are inferred from atomic motion. Therefore, classical
molecular dynamics (MD) simulations can offer insight into the thermal properties of YAG
of varying system parameters as long as temperatures are above 50 K, approximately 10%
of the Debye temperature.
In the work introduced by Hansel [4], gallium is substituted for aluminum in vari-
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ous percentages to study its effect on luminescence. In this work, the perfect YAG structure
will be defects by substituting aluminum with gallium in varying percentages. Subsequent
calculation of the thermal properties will allow us to study the substitutional effects on
constant-pressure specific heat, lattice constant, thermal expansion, and thermal conductiv-
ity. Realize that for these simulations, the mass of the aluminum atom will be changed to
that of gallium, but the interatomic potential will remain the same as the aluminum. There-
fore, we should be able to determine whether the mass of the substitution or the bonding
dominates the thermal properties by examining the deviation of the simulation from ex-
pected values.
In addition to the thermal properties of substituted YAG, we will consider the melt-
ing temperature of pure YAG and extrapolation of the thermal conductivity to infinite sys-
tems for additional validation. However, molecular dynamics is notoriously poor at predict-
ing melting temperature because melting is a process that requires localized initiation [7].
In periodic crystals used in simulations, the localized initiation does not exist; therefore,
simulated melting temperatures are usually far greater than measured melting temperatures.
Consequently, we will attempt to recover the melting temperature by introducing vacancies
to mimic real crystals. To deduce the macroscale thermal conductivity, the system size will
be systematically varied to provide adequate data for extrapolation. We also know that the
extrapolation of size dependent data can be imprecise for complex systems, so we want
to evaluate the efficacy of using standard extrapolation techniques to recover bulk thermal
conductivity.
Thermal properties of pure, crystalline YAG are reported in Table 1 for comparison
to results from our simulations.
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Table 1 THERMAL PROPERTIES CRYSTALLINE OF YAG
Melting Temperature, Tm 2213 K [8]
Thermal Expansion, α 7.0·10-6 K-1 @300 K [9]
Specific Heat, cp 0.6 J ·g-1K-1 @300 K [10] [11]
Thermal Conductivity, k 10–14 W ·m-1K-1 [12]
Debye Temperature, TD 750 K [13]
3
CHAPTER II
YAG MODEL
YAG crystallizes in a highly symmetric cubic structure (detailed in Reference [2]).
The conventional unit cell of YAG contains 160 atoms comprising of 24 yttrium, 40 alu-
minum, and 96 oxygen atoms; with a lattice parameter of 12.01 A˚ [14]. The relative ar-
rangement of Y, O, and Al can be described with polyhedra as shown in Figure 2, while the
symmetry can be seen in Figure 1.
Jun, et al. [15] have modeled the complex structure of pure YAG for classical molec-
ular dynamics simulation by fitting elasticity and lattice constant data to representative po-
tential energy functions. We are leveraging this work to subsequently calculate thermal
properties from these potentials that were designed for mechanical properties. As such,
non-transport properties such as thermal expansion and specific heat should compare well.
However, thermal conductivity calculations, which require precise description of the an-
harmonicty may deviate from an insufficiently tuned interatomic potential. Therefore the
focus is to evaluate the use of the already generated potentials for thermal (both trans-
port and non-transport) properties. Moreover, we will substitute aluminum for gallium by
changing only the mass of the oscillators; the interatomic potential will remain the same
for the substitutional studies.
The potential energy for any pair of atoms (ions), i and j, are given by the sum of a
Coulombic and exponential term given by
Ui j = c
qiq j
ri j
+Ai j exp
(
− ri j
Bi j
)
(1)
where c is an energy conversion constant equal to 14.4 eV·A˚ · e−1.
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Figure 1 CONVENTIONAL UNIT CELL YAG SYMMETRY ON [1 0 0] FACE. Red:O,
Green:Al, Blue:Y. (Image generated by Jmol [1])
Table 2 TWO-BODY PARAMETERS
i j Ai j(eV) B−1i j (A˚
-1) qi (e)
O-O 2449.44 3.44 −2
Al-O 1740.31 3.44 +3
Y-O 1250.85 2.86 +3
Al-Al 312.11 14.06
Y-Y 245.14 14.06
Y-Al 256.55 14.06
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Figure 2 POLYHEDRA IN YAG [2] (with permission from the American Chemical Soci-
ety)
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Table 3 THREE-BODY PARAMETERS
jik λ jik (eV) γ (A˚) r0,i j (A˚) θ0, jik (◦)
Al/Y–O–Al/Y 6.242 2.0 2.6 109.5
O–Al–O 149.324 2.8 3.0 109.5
O–Y–O 168.250 2.8 3.0 109.5
In addition to pair potentials, three-body potentials were employed to enforce an-
gular bonding between certain triplets of atoms as seen in Figure 2. For a triplet of atoms;
i, j, and k; the three-body interaction, U jik, is expressed as
U jik =

λ jik exp
(
γi j
ri j−ri j,0 +
γik
rik−rik,0
)
Ω jik ri j < ri j,0 and rik < rik,0
0 ri j ≥ ri j,0 or rik ≥ rik,0
. (2)
Ω jik is an angular factor whose functional form depends on which triplet of atoms
is being considered. For bonds where j and k represent oxygen atoms, and i represents an
aluminum or yttrium atom (O–Al/Y–O), Ω jik is expressed as
Ω jik = [(cosθ jik− cosθ 0jik)sinθ jik cosθ jik]2. (3)
For triplets Al/Y–O–Al/Y, Ω jik is
Ω jik = (cosθ jik− cosθ 0jik)2. (4)
The parameters of Equations 2, 3, and 4 are in Table 3.
All simulations were performed using the June 8, 2011 version of the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [16]. Furthermore,
all simulations used the Verlet algorithm [17] for time integration. Periodic boundary con-
ditions were imposed in all directions on all simulations to balance the repulsive forces
7
from similarly charged two-body interactions. Periodic boundary conditions are also re-
quired to compute Coulombic interactions in reciprocal space.
The two-body interactions expressed by Equation 1 are implemented using the in-
cluded Born-Mayer-Huggins potential [18] where Coulombic interactions greater than a
specified cutoff were computed in k-space using a particle-particle particle-mesh (PPPM)
solver. The LAMMPS tool, which does not include the proposed potential inherently, was
modified to include the potential energies expressed by Equations 2, 3, and 4 (see Ap-
pendix).
LAMMPS SOURCE MODIFICATION TEST
The correctness of the source modification was tested by checking energy conser-
vation in an NVE ensemble for one million timesteps (Figures II and II). A mistake in
the code should not conserve energy at all, while an improper simulation parameter should
result in poor energy conservation. The simulations ran with a 10-4 PPPM precision, a 4 A˚
cutoff for non-Coulombic two-body interactions, and a 7 A˚ cutoff for real space Coulom-
bic interactions, and a .002 ps timestep. These parameters were found to conserve energy
while maintaining decent execution speed. The simulation parameters used for the results
presented here were the same or more stringent.
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Figure 3 ENERGY CONSERVATION OF 2×2×2 UNIT CELLS IN NVE ENSEMBLE
FOR x=0
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Figure 4 ENERGY CONSERVATION OF 2×2×2 UNIT CELLS IN NVE ENSEMBLE
FOR x=50 %
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CHAPTER III
LATTICE CONSTANT, SPECIFIC HEAT CAPACITY, THERMAL EXPANSION
This section describes how the constant-pressure specific heat, thermal expansion,
and the lattice constant are found from simulated heating. The agreement of these quantities
with experimental values indicates whether the interatomic potential is suitable for non-
transport thermal properties.
3.1 Simulation Setup
a, cp, and α are calculated from five simulations to represent a random aluminum
substitution percentage of 0, 25, 50, 75, and 100 percent. The system size was 2×2×2
unit cells (1280 atoms) for all simulations. Each simulation was initialized by selecting
a normally distributed random velocity to give a temperature of 10 K. Then, using NPT
time integration, the system is thermostatted at 10 K and barostatted at 10 bars for 80,000
timesteps. Subsequently, the temperature is ramped up by 100 K. After that, the system
is again barostatted at 10 bars, thermostatted at the new temperature of 110 K, and time-
integrated for another 80,000 timesteps. This process is repeated until the system reaches
a temperature of 3000 K. Except for aluminum substitution, this simulation setup closely
follows that of Jun [15] to allow for comparison.
The simulations ran with a 0.002 ps timestep, 10-4 PPPM precision, and a 7 A˚ cutoff
(for two-body interactions). The damping parameter on the thermostat was 1 ps while the
damping parameter on the barostat was 10 ps. An additional drag factor of 1 was imposed
to dampen unstable oscillations.
A time series for the total energy, temperature, pressure, and the lattice constant was
collected from the simulation by a time averaging procedure: the quantities are sampled
11
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Figure 5 TEMPERATURE VS. TIME FOR 25% Al SUBSTITUTION
every 10 timesteps 100 times, and subsequently averaged. This average is then recorded.
3.2 Results and Discussion
The stability of kinetic energy in the simulation can be seen in the time series in
Figure 5 where the temperature is increased every 80,000 time steps. Variations in each
temperature “step” were within 10 K as seen in the inset of Figure 5 while exhibiting almost
no long-term transients over the 80,000 times steps. Therefore, we conclude that 80,000
time steps is sufficient to produce an equilibrated system for each temperature. Similarly,
the lattice parameter, a, exhibited variations of 0.1% at most for each temperature.
From these data, the relationship between temperature and total energy can be es-
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timated, and it was found to be linear across the whole range of temperatures. Therefore,
the specific heat, which is proportional to the slope of the energy/temperature relationship
is constant in temperature.
cp =
∆E
m∆T
. (5)
In a classical simulation, this finding is expected and the value should be similar to that
of the law of Dulong and Petit (cp = 3NkB, where N is the number of oscillators). If we
assume the density of YAG is ρ = 4.56g/cm3 and the lattice constant is a = 12.01A˚, then
the Dulong and Petit specific heat reduces to
cp = 3
160atoms/unit cell
12.01A˚/unit cell
kB
ρ
= 0.84
J
g K
(6)
Figure 6 shows cp as a function of the percentage substitution. Note that the law of Dulong
and Petit compares well with 0% substitution. However, the calculated cp of pure YAG is
about 40% greater than the experimental value of 0.6J/g K. The discrepancy is probably
due to imperfections in the measured materials. We do not have density information for
the gallium substituted varieties, so direct comparison for the substituted varieties is not
possible. Because ∆E/∆T were close to equal for all simulations, cp is primarily a function
of mass as indicated by the trend for substituted systems. The molecular weight of YGG
(100% substitution) compared to YAG is 1.36 times larger. Therefore, the specific heat
should be 1/1.36 = 0.74 times smaller, or about 0.64J/kg K. This result is exactly the
result of the molecular dynamics calculation.
A linear relationship was also found between temperature and lattice constant for
all simulations. Therefore, the coefficient of thermal expansion α , which is proportional to
the slope of this relationship, is a constant.
α =
∆V
V0 ·3∆T . (7)
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Figure 6 cp VS. SUBSTITUTION FRACTION, x
The resulting thermal expansion of α = 7.8 ·10−6 K-1 for all simulations showed no depen-
dence on aluminum substitution. This is expected given that the potential energy functions
were the same for the substituted atoms. Nevertheless, this compares well with the estab-
lished figure of 7.0×10−6 K-1 for pure YAG. As a result, a fit of the lattice constant data as
a function of temperature yields
a = 9.67 ·10−5T
(
A˚
K
)
+12.4
(
A˚
)
. (8)
So at 300 K, the lattice constant is 12.43 A˚ which is 3.6% greater than published figures [14]
but only 0.6% greater than the result from MD simulations of Reference [15]. However,
we can not validate the linear thermal expansion coefficient for gallium gallium-substituted
YAG, and these values should be questioned.
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CHAPTER IV
MELTING TEMPERATURE
The melting temperature can inferred from three independent measures: 1) system
potential energy, 2) the radial distribution function (RDF), and 3) the Lindemann index
δ [19]. All of these metrics indicate that atoms have changed their local environment and
all are a function of temperature.
The RDF is defined as
g(r) = lim
dr→0
p(r)
4pi (Npairs/V )r2dr
. (9)
where r is the distance between a pair of particles, p(r) is the average number of atom
pairs found at a distance between r and r+ dr, V is the volume of the system, and Npairs
is the number of unique pairs of atoms. The RDF can be interpreted as the probability of
finding an atom at a distance r relative to that of an ideal gas. In the solid phase, RDFs are
characterized by peaks which become less pronounced with increasing temperature [20]
indicating less structural order. Therefore, as the substance melts, the distance between
atomic sites becomes blurred.
The system-averaged Lindemann index is an average over unique atom pairs as
expressed in Equation 10.
δ =
2
N (N−1)
N
∑
i, j(i 6= j)
√〈
r2i j
〉
−〈ri j〉2〈
ri j
〉 (10)
It measures disorder and the mobility of the atoms relative the distances between them.
During a heating process, the index increases linearly with temperature. Deviation from
15
linearity is taken as a change in the structure.
Finally, changes in the trend of potential energy as a function of temperature also
indicates structural changes.
Simulation Setup
The simulations devised to predict melting temperature are based on the simulations
that produced data for lattice constant, specific heat and thermal expansion. However,
because periodic boundaries are used to mimic an infinite crystal, there are no surfaces to
initiate melting. As described previously, this lack of defect structure delays the onset of
melting to physically unrealistic values. Therefore, vacancies were introduced by removing
6 random aluminum atoms in a 2×2×2 unit cell system. To study the effects of number
fo defects on the melting process, another simulation of the same size was conducted with
15 randomly selected aluminum atoms removed. In both simulations, the heating process
started from 1500 K and proceeded to 3500 K in 10 K increments. Each temperature was
kept for 100,000 time steps.
The potential energy, temperature, pressure, and the lattice constant were collected
in time from the simulation by the same averaging procedure as before. The time step,
potential cutoff, PPPM precision, and thermostatting were also the same. Meanwhile, the
RDF was calculated every 10 timesteps. To calculate the Lindemann index, the coordinates
for 20 randomly chosen atoms were sampled every 5 timesteps. In a separate simulation it
was found that the summands in the Lindemann index follow a well-defined distribution so
that the Lindemann index evaluated with only 20 atoms was within 2% of the evaluation
using all atoms. Sampling the atom trajectories in this way saves significant computational
resources.
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4.1 Results and Discussion
The RDF of both simulations were similar at the temperatures plotted in Figure
7. We see a systematic but small loss of order between 1500K and 3000K. However,
the difference in the RDF between 300K and 3400K is dramatic indicating that atoms
are staring to migrate within the lattice and that the melting temperature is between these
values. This transition indicates a loss of order beyond 4A˚.
The potential energy also shows a dramatic change between the temperatures iden-
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Figure 8 POTENTIAL ENERGY FOR 6 EVACUATED ALUMINUM ATOMS
tified by the RDF. An abrupt transition is seen by looking at a plot of potential energy versus
temperature [21] as in Figures 8 and 9. Once the atoms begin to migrate relative to each
other, which is the onset of melting, the potential energy remains large as the atoms are
not constrained to the bottom of the potential well formed between atoms. The transitions
occurred at two temperatures: one at about 3075 K and the other at approximately 3250 K.
As expected the more highly defected material melts sooner than the less defected material.
These results corroborate those found from the RDF analysis.
Meanwhile, the Lindemann index for the systems, shown in Figures 10 and 11,
shows transitions occurring at temperatures below 3000 K by deviating from linearity.
However the transitions were hundreds of degrees above the experimental melting temper-
ature of YAG (2213K). Nonetheless, the deviation from linearity is due to the coexistence
of the liquid and solid state in the material (dynamic coexistence) [21] where the YAG
ceases to be a crystal and is instead broken down into mobile clusters. These clusters must
have all elements (Y, Al, and O) in order to be cohesive since the force between like atoms
18
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Figure 9 POTENTIAL ENERGY FOR 15 EVACUATED ALUMINUM ATOMS
is repulsive. So, oxygen may be seen as a binder of yttrium and aluminum. This explains
why the RDF does not show much change through most of the temperature range. The
RDF captures the relatively short-range order of these clusters while they may be mobile in
the simulation. The defectiveness of the structure is more apparent with the more defective
system as seen Figure 11 in comparison to Figure 10. The system with more vacancies is
less stable. So, precisely determining the melting temperature from these simulations is
difficult given this transition region over a wide temperature range. Furthermore, the con-
figurations may be stable at a certain temperature in the timescale of the simulation but not
in the timescale required for melting [7]. Even further, once the YAG structure is broken,
the potentials used are no longer strictly applicable.
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CHAPTER V
THERMAL CONDUCTIVITY FROM NON-EQUILIBRIUM SIMULATIONS
The simulations described in this section measure thermal conductivity in the [100]
direction. Since YAG is arranged in a cubic structure, its thermal conductivity is given by
a diagonal tensor
ki j =
∣∣∣∣∣∣∣∣∣∣
k 0 0
0 k 0
0 0 k
∣∣∣∣∣∣∣∣∣∣
. (11)
Therefore, the thermal conductivity tensor is fully described by this one measure.
An effective thermal conductivity, k, is obtained by imposing a temperature gradient
so that Fourier’s law of conduction in one dimension may be evaluated directly. In one set of
simulations the temperature gradient is specified directly. In another set of simulations, the
temperature gradient is specified indirectly by specifiying a temperature difference between
each side of a slab. In either case, the thermal conductivity is calculated as
k =− q˙x
Ac
dx
dT
, (12)
where q˙ is the amount of energy added to the hot reservoir or removed from the cold
reservoir to maintain the temperature. The derivative is the inverse of the temperature
gradient that is a result of the simulation.
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5.1 Simulation Setup
Two temperature gradients were imposed in a symmetric configuration, as repre-
sented in Figure 12, since the simulations feature periodic boundary conditions. This
configuration ensures that the hot slab is not exposed to the cold slab at the simulation
boundary.
For all simulations, the lattice spacing was 12.43 A˚. Furthermore, the hot slab was
8×1×1 (L×H×D) unit cells, while each cold slab was 4×1×1 unit cells. As such, the
atoms in each 4×1×1 region were assigned to four thermostats. The thermostats were
applied to the hot slab and cold slab such that the average temperature of the temperature
gradient was fixed at 300 K.
Simulations were varied in the size of the sample region, in random aluminum sub-
stitution fraction, x, and in the temperature difference between the hot and cold themostats,
∆T , for one set of simulations. The sample sizes were 4, 6, 8, 12, 16, 24, and 32; x was 0,
50, and 100 percent; and ∆T was 40, 100, and 150 K for a total of 63 simulations. In the
other set of simulations, instead of specifiying ∆T , the temperature gradients were 0.4, 0.6,
0.8, and 1 K per lattice constant. The other variables were the same giving 84 simulations.
An initial linear temperature gradient was imposed over the sample region with a
random gaussian velocity distribution. The temperature gradient is then maintained by the
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Table 4 THERMAL CONDUCTIVITY SIMULATION SETTINGS
timestep .001 ps
exp. term cutoff 4.0 A˚
Coulombic term cutoff 7.0 A˚
PPPM precision 10-5
thermostat damping 1 ps
thermostats for 106 timsteps (10 ns). The region controlled by the thermostats are time-
integrated with the NVT integrator, while the sample region was time-integrated with the
NVE integrator.
During the run, the average temperature in each unit cell is calculated every 10
timesteps. The time average is then recorded for 100 of these calculations. Meanwhile, the
data from the thermostats are recorded every 1000 timesteps. The data from the thermostats
represent the cumulative energy change of the system due to their action. In particular, here
it represents an energy addition or subtraction due to the flow of energy from the hot slab
to the cold slab.
Table 4 lists the simulation settings. The cutoffs apply to the two-body potential
(Equation 1).
5.2 Results and Discussion
A linear temperature profile is exhibited in all simulations when averaged over their
run time including systems of 4 unit cells wide as in Figure 13.
To calculate thermal conductivity according to Fourier’s law (Equation 12), the
slope from a linear fit to the sample region from each side of the temperature profile is
averaged to obtain ∆x/(Ac∆T ). In addition, q˙x = ∆E/∆t where ∆E is represented by the
energy difference of Eavgts between the start and end of the simulation in steady state and Ac
is the sample cross-sectional area.
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Figure 14 shows the results of the thermal conductivity calculation for the set of
simulations specifying ∆T while Figure 15 shows the calculations for the set of simula-
tions specifiying temperature gradient. The error bars represent the standard deviation in
calculating the thermal conductivity for different temperature gradients or temperature dif-
ferences. For pure YAG, the trend is approaching (the lower end of) its accepted bulk value
of 10 W·m-1K-1 [12]. All trends of a certain substitution fraction (varying system size) can
be explained by simplified kinetic theory: the relationship between thermal conductivity,
specific heat capacity, group velocity, and mean free path is given by
k =
1
3
vΛcv. (13)
Because system size is the only variable, the decrease in thermal conductivity with de-
creasing system size is due to either decreased mean free path or a reduction in available
vibrational modes for heat transfer. Long wavelength modes are more efficient at transfer-
ring energy, so in systems that involve only 4 unit cells, only 4 acoustic modes (vibrations
among unit cells) are possible. Transport, therefore, relies primarily on optical modes (vi-
brations within unit cells), which are known to be inefficient thermal carriers. Moreover,
the acoustic modes will be of short wavelength, whose group velocity will be small. In a
system whose size is comparable to the mean free path, reduced thermal conductivity is
observed due to the boundary scattering, which reduces the effective mean free path. How-
ever, we do not know what the intrinsic mean free path of YAG is; therefore, we can not
make strong statements about this effect. Nevertheless, phonon mean free paths are often
larger than a few unit cells. So it seems plausible that this effect is present as well.
Meanwhile, group velocity is needed to fully explain the trends for a certain system
size (varying substitution fraction). Assuming acoustic phonons are the primary thermal
carriers, the lower thermal conductivity of YAG fully substituted with gallium compared to
pure YAG can be explained by the difference in their phonon dispersions: as gallium is a
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heavier element than aluminum, the group velocity of fully substituted YAG will be lower,
resulting in lower thermal conductivity. Still, decreased mean free path explains why the
thermal conductivity for x=50% is less than x=0% and x=100%. The presence of gallium
atoms distributed randomly in the structure represents mass-difference impurity phonon
scattering centers that reduce the mean free path of phonons.
The increase in thermal conductivity with increasing system length is expected due
to the contribution of longer wavelength phonon modes. However, the trend does not con-
verge over the simulated lengths, and simulating larger lengths is computationally imprac-
tical. While an inverse k versus inverse length is a typical approach to estimate the infinite
size or bulk thermal conductivity from a reduced system size, others have noted similar
difficulties in getting the data to appear linear or converge [22]. These artifacts seems to
appear in relatively complex systems such as buckyballs, and YAG certainly qualifies as
a complex system. The lack of convergence is probably due to new modes that are intro-
duced as the system size increases rather than simply adding more frequencies of the same
modes, which is what happens in smaller, simpler systems. In addition, the mean free path
of various modes are likely different. Therefore, as the system size is increased, a host of
scattering parameters come into play making the dominant mechanism become non-linear.
Nevertheless, the data show a definite trend that appears to converge to expected bulk values
for thermal conductivity of YAG.
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CHAPTER VI
CONCLUSIONS
The results for pure YAG shows good agreement with experimental values for
constant-pressure specific heat, thermal expansion, and non-equilibrium thermal conduc-
tivity at 300 K, suggesting that the interatomic potentials that were originally developed
for mechanical properties are nearly suitable or thermal properties. Of course the quality
of the potential must be graded against the quality of the thermal property that needs to be
estimated. For order of magnitude and trends, we are confident that these potentials are
suitable.
The melting of YAG is not a well-defined process occuring over a wide temperature
range. Modeling the surface of YAG, where interatomic potentials are not readily available,
is needed to better simulate its melting process. In this case, new potentials are likely
needed, so defects can be treated more rigorously. Consideration of this relationship is
important in high temperature-transient applications.
The relationship between thermal properties and and aluminum substitution may
not be robust. Although qualitative trends were established and corroborated, the simu-
lations do not consider slight modifications to the interatomic potentials due to changes
in bonding between gallium and oxygen versus aluminum and oxygen. These changes in
bonding could be important, although the foregoing analysis was unable to discern whether
the interatomic potentials were sufficient. Therefore, experimental thermal properties for
gallium-substituted YAG are needed to confirm the YAG model used in this work.
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APPENDIX
LAMMPS SOURCE MODIFICATION
In order to compute three-body energies and their forces for this work, code for
two potentials was added based on the included Stillinger-Weber potentials (composed of
two and three-body interactions). One implemented the three-body interaction formed by
Equation 2 and Equation 3 while zeroing the original two-body interaction. The other
involved only zeroing the two-body part of the Stillinger-Weber potentials since the three-
body interaction formed by Equation 2 and Equation 4 is compatible with the original code.
The following code shows the implementation of Equations 2 and 3 (’mbmh’ potential in
LAMMPS script).
/∗−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
LAMMPS − Large−s c a l e Atomic / Mo lecu lar M a s s i v e l y P a r a l l e l S i m u l a t o r
h t t p : / / lammps . s a n d i a . gov , Sand ia N a t i o n a l L a b o r a t o r i e s
S t e v e Pl impton , s jp l imp@sand ia . gov
C o p y r i g h t ( 2 0 0 3 ) Sand ia C o r p o r a t i o n . Under t h e t e r m s o f C o n t r a c t
DE−AC04−94AL85000 w i t h Sand ia Corpora t ion , t h e U. S . Government
r e t a i n s
c e r t a i n r i g h t s i n t h i s s o f t w a r e . T h i s s o f t w a r e i s d i s t r i b u t e d under
t h e GNU Genera l P u b l i c L i c e n s e .
See t h e README f i l e i n t h e top− l e v e l LAMMPS d i r e c t o r y .
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
C o n t r i b u t i n g a u t h o r : Aidan Thompson ( SNL )
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
# inc lude ” math . h ”
# inc lude ” s t d i o . h ”
# inc lude ” s t d l i b . h ”
# inc lude ” s t r i n g . h ”
# inc lude ” pair mbmh . h ”
# inc lude ” atom . h ”
# inc lude ” n e i g h b o r . h ”
# inc lude ” n e i g h r e q u e s t . h ”
# inc lude ” f o r c e . h ”
# inc lude ”comm . h ”
# inc lude ”memory . h ”
# inc lude ” n e i g h b o r . h ”
# inc lude ” n e i g h l i s t . h ”
# inc lude ”memory . h ”
# inc lude ” e r r o r . h ”
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u s i n g namespace LAMMPS NS;
# de f i n e MAXLINE 1024
# de f i n e DELTA 4
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
PairMBMH : : PairMBMH (LAMMPS ∗ lmp ) : P a i r ( lmp )
{
s i n g l e e n a b l e = 0 ;
o n e c o e f f = 1 ;
n e l e m e n t s = 0 ;
e l e m e n t s = NULL;
nparams = 0 ;
maxparam = 0 ;
params = NULL;
elem2param = NULL;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
check i f a l l o c a t e d , s i n c e c l a s s can be d e s t r u c t e d when i n c o m p l e t e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
PairMBMH : : ˜ PairMBMH ( )
{
i f ( e l e m e n t s )
f o r ( i n t i = 0 ; i < n e l e m e n t s ; i ++) d e l e t e [ ] e l e m e n t s [ i ] ;
d e l e t e [ ] e l e m e n t s ;
memory−>s f r e e ( params ) ;
memory−>d e s t r o y 3 d i n t a r r a y ( elem2param ) ;
i f ( a l l o c a t e d ) {
memory−>d e s t r o y 2 d i n t a r r a y ( s e t f l a g ) ;
memory−>d e s t r o y 2 d d o u b l e a r r a y ( c u t s q ) ;
d e l e t e [ ] map ;
}
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : compute ( i n t e f l a g , i n t v f l a g )
{
i n t i , j , k , i i , j j , kk , inum , jnum , jnumm1 , i t a g , j t a g ;
i n t i t y p e , j t y p e , k type , i j p a r a m , ikparam , i j k p a r a m ;
double xtmp , ytmp , ztmp , de lx , de ly , de l z , evdwl , f p a i r ;
double r sq , r sq1 , r s q 2 ;
double d e l r 1 [ 3 ] , d e l r 2 [ 3 ] , f j [ 3 ] , fk [ 3 ] ;
i n t ∗ i l i s t ,∗ j l i s t ,∗ numneigh ,∗∗ f i r s t n e i g h ;
evdwl = 0 . 0 ;
i f ( e f l a g | | v f l a g ) e v s e t u p ( e f l a g , v f l a g ) ;
e l s e e v f l a g = v f l a g f d o t r = 0 ;
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double ∗∗x = atom−>x ;
double ∗∗ f = atom−>f ;
i n t ∗ t a g = atom−>t a g ;
i n t ∗ t y p e = atom−>t y p e ;
i n t n l o c a l = atom−>n l o c a l ;
i n t n e w t o n p a i r = f o r c e−>n e w t o n p a i r ;
inum = l i s t −>inum ;
i l i s t = l i s t −> i l i s t ;
numneigh = l i s t −>numneigh ;
f i r s t n e i g h = l i s t −> f i r s t n e i g h ;
/ / l oop over f u l l n e i g h b o r l i s t o f my atoms
f o r ( i i = 0 ; i i < inum ; i i ++) {
i = i l i s t [ i i ] ;
i t a g = t a g [ i ] ;
i t y p e = map [ t y p e [ i ] ] ;
xtmp = x [ i ] [ 0 ] ;
ytmp = x [ i ] [ 1 ] ;
ztmp = x [ i ] [ 2 ] ;
/ / two−body i n t e r a c t i o n s , s k i p h a l f o f them
j l i s t = f i r s t n e i g h [ i ] ;
jnum = numneigh [ i ] ;
f o r ( j j = 0 ; j j < jnum ; j j ++) {
j = j l i s t [ j j ] ;
j t a g = t a g [ j ] ;
i f ( i t a g > j t a g ) {
i f ( ( i t a g + j t a g ) % 2 == 0) cont inue ;
} e l s e i f ( i t a g < j t a g ) {
i f ( ( i t a g + j t a g ) % 2 == 1) cont inue ;
} e l s e {
i f ( x [ j ] [ 2 ] < ztmp ) cont inue ;
e l s e i f ( x [ j ] [ 2 ] == ztmp && x [ j ] [ 1 ] < ytmp ) cont inue ;
e l s e i f ( x [ j ] [ 2 ] == ztmp && x [ j ] [ 1 ] == ytmp && x [ j ] [ 0 ] < xtmp )
cont inue ;
}
j t y p e = map [ t y p e [ j ] ] ;
d e l x = xtmp − x [ j ] [ 0 ] ;
d e l y = ytmp − x [ j ] [ 1 ] ;
d e l z = ztmp − x [ j ] [ 2 ] ;
r s q = d e l x ∗ d e l x + d e l y ∗ d e l y + d e l z ∗ d e l z ;
i j p a r a m = elem2param [ i t y p e ] [ j t y p e ] [ j t y p e ] ;
i f ( r s q > params [ i j p a r a m ] . c u t s q ) cont inue ;
twobody(& params [ i j p a r a m ] , r sq , f p a i r , e f l a g , evdwl ) ;
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f [ i ] [ 0 ] += d e l x ∗ f p a i r ;
f [ i ] [ 1 ] += d e l y ∗ f p a i r ;
f [ i ] [ 2 ] += d e l z ∗ f p a i r ;
f [ j ] [ 0 ] −= d e l x ∗ f p a i r ;
f [ j ] [ 1 ] −= d e l y ∗ f p a i r ;
f [ j ] [ 2 ] −= d e l z ∗ f p a i r ;
i f ( e v f l a g ) e v t a l l y ( i , j , n l o c a l , n e w t o n p a i r ,
evdwl , 0 . 0 , f p a i r , de lx , de ly , d e l z ) ;
}
jnumm1 = jnum − 1 ;
f o r ( j j = 0 ; j j < jnumm1 ; j j ++) {
j = j l i s t [ j j ] ;
j t y p e = map [ t y p e [ j ] ] ;
i j p a r a m = elem2param [ i t y p e ] [ j t y p e ] [ j t y p e ] ;
d e l r 1 [ 0 ] = x [ j ] [ 0 ] − xtmp ;
d e l r 1 [ 1 ] = x [ j ] [ 1 ] − ytmp ;
d e l r 1 [ 2 ] = x [ j ] [ 2 ] − ztmp ;
r s q 1 = d e l r 1 [ 0 ]∗ d e l r 1 [ 0 ] + d e l r 1 [ 1 ]∗ d e l r 1 [ 1 ] + d e l r 1 [ 2 ]∗ d e l r 1 [ 2 ] ;
i f ( r s q 1 > params [ i j p a r a m ] . c u t s q ) cont inue ;
f o r ( kk = j j +1 ; kk < jnum ; kk ++) {
k = j l i s t [ kk ] ;
k t y p e = map [ t y p e [ k ] ] ;
ikparam = elem2param [ i t y p e ] [ k t y p e ] [ k t y p e ] ;
i j k p a r a m = elem2param [ i t y p e ] [ j t y p e ] [ k t y p e ] ;
d e l r 2 [ 0 ] = x [ k ] [ 0 ] − xtmp ;
d e l r 2 [ 1 ] = x [ k ] [ 1 ] − ytmp ;
d e l r 2 [ 2 ] = x [ k ] [ 2 ] − ztmp ;
r s q 2 = d e l r 2 [ 0 ]∗ d e l r 2 [ 0 ] + d e l r 2 [ 1 ]∗ d e l r 2 [ 1 ] + d e l r 2 [ 2 ]∗ d e l r 2
[ 2 ] ;
i f ( r s q 2 > params [ ikparam ] . c u t s q ) cont inue ;
t h r e e b o d y (& params [ i j p a r a m ] ,& params [ ikparam ] ,& params [ i j k p a r a m ] ,
r sq1 , r sq2 , d e l r 1 , d e l r 2 , f j , fk , e f l a g , evdwl ) ;
f [ i ] [ 0 ] −= f j [ 0 ] + fk [ 0 ] ;
f [ i ] [ 1 ] −= f j [ 1 ] + fk [ 1 ] ;
f [ i ] [ 2 ] −= f j [ 2 ] + fk [ 2 ] ;
f [ j ] [ 0 ] += f j [ 0 ] ;
f [ j ] [ 1 ] += f j [ 1 ] ;
f [ j ] [ 2 ] += f j [ 2 ] ;
f [ k ] [ 0 ] += fk [ 0 ] ;
f [ k ] [ 1 ] += fk [ 1 ] ;
f [ k ] [ 2 ] += fk [ 2 ] ;
i f ( e v f l a g ) e v t a l l y 3 ( i , j , k , evdwl , 0 . 0 , f j , fk , d e l r 1 , d e l r 2 ) ;
}
}
}
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i f ( v f l a g f d o t r ) v i r i a l c o m p u t e ( ) ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : a l l o c a t e ( )
{
a l l o c a t e d = 1 ;
i n t n = atom−>n t y p e s ;
s e t f l a g = memory−>c r e a t e 2 d i n t a r r a y ( n +1 , n +1 , ” p a i r : s e t f l a g ” ) ;
c u t s q = memory−>c r e a t e 2 d d o u b l e a r r a y ( n +1 , n +1 , ” p a i r : c u t s q ” ) ;
map = new i n t [ n + 1 ] ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
g l o b a l s e t t i n g s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : s e t t i n g s ( i n t narg , char ∗∗ a r g )
{
i f ( na rg != 0) e r r o r−>a l l ( ” I l l e g a l p a i r s t y l e command” ) ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
s e t c o e f f s f o r one or more t y p e p a i r s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : c o e f f ( i n t narg , char ∗∗ a r g )
{
i n t i , j , n ;
i f ( ! a l l o c a t e d ) a l l o c a t e ( ) ;
i f ( na rg != 3 + atom−>n t y p e s )
e r r o r−>a l l ( ” I n c o r r e c t a r g s f o r p a i r c o e f f i c i e n t s ” ) ;
/ / i n s u r e I , J s are ∗ ∗
i f ( s t r c mp ( a r g [ 0 ] , ”∗” ) != 0 | | s t r c mp ( a r g [ 1 ] , ”∗” ) != 0 )
e r r o r−>a l l ( ” I n c o r r e c t a r g s f o r p a i r c o e f f i c i e n t s ” ) ;
/ / read args t h a t map atom t y p e s t o e l e m e n t s i n p o t e n t i a l f i l e
/ / map[ i ] = which e l e m e n t t h e I t h atom t y p e i s , −1 i f NULL
/ / n e l e m e n t s = # o f un iq ue e l e m e n t s
/ / e l e m e n t s = l i s t o f e l e m e n t names
i f ( e l e m e n t s ) {
f o r ( i = 0 ; i < n e l e m e n t s ; i ++) d e l e t e [ ] e l e m e n t s [ i ] ;
d e l e t e [ ] e l e m e n t s ;
}
e l e m e n t s = new char ∗ [ atom−>n t y p e s ] ;
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f o r ( i = 0 ; i < atom−>n t y p e s ; i ++) e l e m e n t s [ i ] = NULL;
n e l e m e n t s = 0 ;
f o r ( i = 3 ; i < na rg ; i ++) {
i f ( s t r c mp ( a r g [ i ] , ”NULL” ) == 0) {
map [ i −2] = −1;
cont inue ;
}
f o r ( j = 0 ; j < n e l e m e n t s ; j ++)
i f ( s t r c mp ( a r g [ i ] , e l e m e n t s [ j ] ) == 0) break ;
map [ i −2] = j ;
i f ( j == n e l e m e n t s ) {
n = s t r l e n ( a r g [ i ] ) + 1 ;
e l e m e n t s [ j ] = new char [ n ] ;
s t r c p y ( e l e m e n t s [ j ] , a r g [ i ] ) ;
n e l e m e n t s ++;
}
}
/ / read p o t e n t i a l f i l e and i n i t i a l i z e p o t e n t i a l p a r a m e t e r s
r e a d f i l e ( a r g [ 2 ] ) ;
s e t u p ( ) ;
/ / c l e a r s e t f l a g s i n c e c o e f f ( ) c a l l e d once w i t h I , J = ∗ ∗
n = atom−>n t y p e s ;
f o r ( i n t i = 1 ; i <= n ; i ++)
f o r ( i n t j = i ; j <= n ; j ++)
s e t f l a g [ i ] [ j ] = 0 ;
/ / s e t s e t f l a g i , j f o r t y p e p a i r s where bo th are mapped t o e l e m e n t s
i n t c o u n t = 0 ;
f o r ( i n t i = 1 ; i <= n ; i ++)
f o r ( i n t j = i ; j <= n ; j ++)
i f ( map [ i ] >= 0 && map [ j ] >= 0) {
s e t f l a g [ i ] [ j ] = 1 ;
c o u n t ++;
}
i f ( c o u n t == 0) e r r o r−>a l l ( ” I n c o r r e c t a r g s f o r p a i r c o e f f i c i e n t s ” ) ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i n i t s p e c i f i c t o t h i s p a i r s t y l e
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : i n i t s t y l e ( )
{
i f ( atom−>t a g e n a b l e == 0)
e r r o r−>a l l ( ” P a i r s t y l e S t i l l i n g e r −Weber r e q u i r e s atom IDs ” ) ;
i f ( f o r c e−>n e w t o n p a i r == 0)
e r r o r−>a l l ( ” P a i r s t y l e S t i l l i n g e r −Weber r e q u i r e s newton p a i r on ” ) ;
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/ / need a f u l l n e i g h b o r l i s t
i n t i r e q u e s t = ne ighbo r−>r e q u e s t ( t h i s ) ;
ne ighbo r−>r e q u e s t s [ i r e q u e s t ]−> h a l f = 0 ;
ne ighbo r−>r e q u e s t s [ i r e q u e s t ]−> f u l l = 1 ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i n i t f o r one t y p e p a i r i , j and c o r r e s p o n d i n g j , i
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
∗ /
double PairMBMH : : i n i t o n e ( i n t i , i n t j )
{
i f ( s e t f l a g [ i ] [ j ] == 0) e r r o r−>a l l ( ” A l l p a i r c o e f f s a r e n o t s e t ” ) ;
re turn cutmax ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : r e a d f i l e ( char ∗ f i l e )
{
i n t p a r a m s p e r l i n e = 1 4 ;
char ∗∗words = new char ∗ [ p a r a m s p e r l i n e + 1 ] ;
memory−>s f r e e ( params ) ;
params = NULL;
nparams = 0 ;
/ / open f i l e on proc 0
FILE ∗ fp ;
i f ( comm−>me == 0) {
fp = fopen ( f i l e , ” r ” ) ;
i f ( fp == NULL) {
char s t r [ 1 2 8 ] ;
s p r i n t f ( s t r , ” Cannot open S t i l l i n g e r −Weber p o t e n t i a l f i l e %s ” , f i l e )
;
e r r o r−>one ( s t r ) ;
}
}
/ / read each s e t o f params from p o t e n t i a l f i l e
/ / one s e t o f params can span m u l t i p l e l i n e s
/ / s t o r e params i f a l l 3 e l e m e n t t a g s are i n e l e m e n t l i s t
i n t n , nwords , i e l e m e n t , j e l e m e n t , k e l e m e n t ;
char l i n e [MAXLINE] ,∗ p t r ;
i n t e o f = 0 ;
whi le ( 1 ) {
i f ( comm−>me == 0) {
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p t r = f g e t s ( l i n e , MAXLINE, fp ) ;
i f ( p t r == NULL) {
e o f = 1 ;
f c l o s e ( fp ) ;
} e l s e n = s t r l e n ( l i n e ) + 1 ;
}
MPI Bcast (& eof , 1 , MPI INT , 0 , wor ld ) ;
i f ( e o f ) break ;
MPI Bcast (&n , 1 , MPI INT , 0 , wor ld ) ;
MPI Bcast ( l i n e , n , MPI CHAR , 0 , wor ld ) ;
/ / s t r i p comment , s k i p l i n e i f b l a n k
i f ( p t r = s t r c h r ( l i n e , ’ # ’ ) ) ∗ p t r = ’ \0 ’ ;
nwords = atom−>c o u n t w o r d s ( l i n e ) ;
i f ( nwords == 0) cont inue ;
/ / c o n c a t e n a t e a d d i t i o n a l l i n e s u n t i l have p a r a m s p e r l i n e words
whi le ( nwords < p a r a m s p e r l i n e ) {
n = s t r l e n ( l i n e ) ;
i f ( comm−>me == 0) {
p t r = f g e t s (& l i n e [ n ] ,MAXLINE−n , fp ) ;
i f ( p t r == NULL) {
e o f = 1 ;
f c l o s e ( fp ) ;
} e l s e n = s t r l e n ( l i n e ) + 1 ;
}
MPI Bcast (& eof , 1 , MPI INT , 0 , wor ld ) ;
i f ( e o f ) break ;
MPI Bcast (&n , 1 , MPI INT , 0 , wor ld ) ;
MPI Bcast ( l i n e , n , MPI CHAR , 0 , wor ld ) ;
i f ( p t r = s t r c h r ( l i n e , ’ # ’ ) ) ∗ p t r = ’ \0 ’ ;
nwords = atom−>c o u n t w o r d s ( l i n e ) ;
}
i f ( nwords != p a r a m s p e r l i n e )
e r r o r−>a l l ( ” I n c o r r e c t f o r m a t i n S t i l l i n g e r −Weber p o t e n t i a l f i l e ” ) ;
/ / words = p t r s t o a l l words i n l i n e
nwords = 0 ;
words [ nwords ++] = s t r t o k ( l i n e , ” \ t \n\ r \ f ” ) ;
whi le ( words [ nwords ++] = s t r t o k (NULL, ” \ t \n\ r \ f ” ) ) cont inue ;
/ / i e l e m e n t , j e l e m e n t , k e l e m e n t = 1 s t a rgs
/ / i f a l l 3 args are i n e l e m e n t l i s t , t h e n p a r s e t h i s l i n e
/ / e l s e s k i p t o n e x t e n t r y i n f i l e
f o r ( i e l e m e n t = 0 ; i e l e m e n t < n e l e m e n t s ; i e l e m e n t ++)
i f ( s t r c mp ( words [ 0 ] , e l e m e n t s [ i e l e m e n t ] ) == 0) break ;
i f ( i e l e m e n t == n e l e m e n t s ) cont inue ;
f o r ( j e l e m e n t = 0 ; j e l e m e n t < n e l e m e n t s ; j e l e m e n t ++)
i f ( s t r c mp ( words [ 1 ] , e l e m e n t s [ j e l e m e n t ] ) == 0) break ;
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i f ( j e l e m e n t == n e l e m e n t s ) cont inue ;
f o r ( k e l e m e n t = 0 ; k e l e m e n t < n e l e m e n t s ; k e l e m e n t ++)
i f ( s t r c mp ( words [ 2 ] , e l e m e n t s [ k e l e m e n t ] ) == 0) break ;
i f ( k e l e m e n t == n e l e m e n t s ) cont inue ;
/ / l oad up parame te r s e t t i n g s and e r r o r check t h e i r v a l u e s
i f ( nparams == maxparam ) {
maxparam += DELTA;
params = ( Param ∗ ) memory−>s r e a l l o c ( params , maxparam∗ s i z e o f ( Param ) ,
” p a i r : params ” ) ;
}
params [ nparams ] . i e l e m e n t = i e l e m e n t ;
params [ nparams ] . j e l e m e n t = j e l e m e n t ;
params [ nparams ] . k e l e m e n t = k e l e m e n t ;
params [ nparams ] . e p s i l o n = a t o f ( words [ 3 ] ) ;
params [ nparams ] . s igma = a t o f ( words [ 4 ] ) ;
params [ nparams ] . l i t t l e a = a t o f ( words [ 5 ] ) ;
params [ nparams ] . lambda = a t o f ( words [ 6 ] ) ;
params [ nparams ] . gamma = a t o f ( words [ 7 ] ) ;
params [ nparams ] . c o s t h e t a = a t o f ( words [ 8 ] ) ;
params [ nparams ] . b i g a = a t o f ( words [ 9 ] ) ;
params [ nparams ] . b igb = a t o f ( words [ 1 0 ] ) ;
/ / params [ nparams ] . powerp = a t o f ( words [ 1 1 ] ) ;
params [ nparams ] . q i = a t o f ( words [ 1 1 ] ) ;
/ / params [ nparams ] . powerq = a t o f ( words [ 1 2 ] ) ;
params [ nparams ] . q j = a t o f ( words [ 1 2 ] ) ;
params [ nparams ] . t o l = a t o f ( words [ 1 3 ] ) ;
i f ( params [ nparams ] . e p s i l o n < 0 . 0 | | params [ nparams ] . s igma < 0 . 0 | |
params [ nparams ] . l i t t l e a < 0 . 0 | | params [ nparams ] . lambda < 0 . 0 | |
params [ nparams ] . gamma < 0 . 0 | | params [ nparams ] . b i g a < 0 . 0 | |
/ / params [ nparams ] . b igb < 0 . 0 | | params [ nparams ] . powerp < 0 . 0 | |
params [ nparams ] . b igb < 0 . 0 | |
/ / params [ nparams ] . q i < 0 . 0 | | i m igh t want a neg v a l u e
/ / params [ nparams ] . powerq < 0 . 0 | | params [ nparams ] . t o l < 0 . 0 )
/ / params [ nparams ] . q j < 0 . 0 | | i m igh t want a neg v a l u e
params [ nparams ] . t o l < 0 . 0 )
e r r o r−>a l l ( ” I l l e g a l S t i l l i n g e r −Weber p a r a m e t e r ” ) ;
nparams ++;
}
d e l e t e [ ] words ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : s e t u p ( )
{
i n t i , j , k ,m, n ;
double r tmp ;
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/ / s e t elem2param f o r a l l t r i p l e t c o m b i n a t i o n s
/ / must be a s i n g l e e x a c t match t o l i n e s read from f i l e
/ / do n o t a l l o w f o r ACB i n p l a c e o f ABC
i f ( elem2param ) memory−>d e s t r o y 3 d i n t a r r a y ( elem2param ) ;
elem2param = memory−>c r e a t e 3 d i n t a r r a y ( ne l emen t s , ne l emen t s , ne l emen t s
,
” p a i r : elem2param ” ) ;
f o r ( i = 0 ; i < n e l e m e n t s ; i ++)
f o r ( j = 0 ; j < n e l e m e n t s ; j ++)
f o r ( k = 0 ; k < n e l e m e n t s ; k ++) {
n = −1;
f o r (m = 0 ; m < nparams ; m++) {
i f ( i == params [m] . i e l e m e n t && j == params [m] . j e l e m e n t &&
k == params [m] . k e l e m e n t ) {
i f ( n >= 0) e r r o r−>a l l ( ” P o t e n t i a l f i l e has d u p l i c a t e e n t r y ” )
;
n = m;
}
}
i f ( n < 0) e r r o r−>a l l ( ” P o t e n t i a l f i l e i s m i s s i n g an e n t r y ” ) ;
elem2param [ i ] [ j ] [ k ] = n ;
}
/ / compute parame te r v a l u e s d e r i v e d from i n p u t s
/ / s e t c u t s q u s i n g s h o r t c u t t o r ed uc e n e i g h b o r l i s t f o r a c c e l e r a t e d
/ / c a l c u l a t i o n s . c u t must remain unchanged as i t i s a p o t e n t i a l
parame te r
/ / ( c u t = a∗ s igma )
f o r (m = 0 ; m < nparams ; m++) {
params [m] . c u t = params [m] . s igma ∗ params [m] . l i t t l e a ;
r tmp = params [m] . c u t ;
i f ( params [m] . t o l > 0 . 0 ) {
i f ( params [m] . t o l > 0 . 0 1 ) params [m] . t o l = 0 . 0 1 ;
i f ( params [m] . gamma < 1 . 0 )
r tmp = rtmp +
params [m] . gamma ∗ params [m] . s igma / l o g ( params [m] . t o l ) ;
e l s e r tmp = rtmp +
params [m] . s igma / l o g ( params [m] . t o l ) ;
}
params [m] . c u t s q = rtmp ∗ r tmp ;
params [m] . sigma gamma = params [m] . s igma ∗ params [m] . gamma ;
params [m] . l a m b d a e p s i l o n = params [m] . lambda∗ params [m] . e p s i l o n ;
/ / params [m ] . l a m b d a e p s i l o n 2 = 2 . 0∗ params [m ] . lambda∗params [m ] . e p s i l o n
;
params [m] . e r f c = 14.39965173∗ params [m] . q i ∗ params [m] . q j ;
params [m] . d e l e r f c =16.248267∗ params [m] . q i ∗ params [m] . q j / params [m] . b igb
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;
params [m] . d e l e x p =3.448275862∗ params [m] . b i g a ;
/∗ params [m ] . c1 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗
params [m ] . powerp∗params [m ] . b igb ∗
pow ( params [m ] . sigma , params [m ] . powerp ) ;
params [m ] . c2 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗params [m ] . powerq ∗
pow ( params [m ] . sigma , params [m ] . powerq ) ;
params [m ] . c3 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗params [m ] . b igb ∗
pow ( params [m ] . sigma , params [m ] . powerp +1 .0 ) ;
params [m ] . c4 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗ wont need so
many c ’ s
pow ( params [m ] . sigma , params [m ] . powerq +1 .0 ) ;
params [m ] . c5 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗params [m ] . b igb ∗
pow ( params [m ] . sigma , params [m ] . powerp ) ;
params [m ] . c6 = params [m ] . b iga ∗params [m ] . e p s i l o n ∗
pow ( params [m ] . sigma , params [m ] . powerq ) ; ∗ /
}
/ / s e t cutmax t o max o f a l l params
cutmax = 0 . 0 ;
f o r (m = 0 ; m < nparams ; m++) {
r tmp = s q r t ( params [m] . c u t s q ) ;
i f ( r tmp > cutmax ) cutmax = rtmp ;
}
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : twobody ( Param ∗param , double r sq , double &f f o r c e ,
i n t e f l a g , double &eng )
{
/ / do ub l e r , r i n v s q , rp , rq , r a i n v , r a i n v s q , e x p s r a i n v ;
/∗ o r i g i n a l code
r = s q r t ( r s q ) ;
r i n v s q = 1 . 0 / r s q ;
rp = pow ( r ,−param−>powerp ) ;
rq = pow ( r ,−param−>powerq ) ;
r a i n v = 1 . 0 / ( r − param−>c u t ) ;
r a i n v s q = r a i n v ∗ r a i n v ∗ r ; / / why t i m e s r ?
e x p s r a i n v = exp ( param−>s igma ∗ r a i n v ) ;
f f o r c e = ( param−>c1∗ rp − param−>c2∗ rq +
( param−>c3∗ rp −param−>c4∗ rq ) ∗ r a i n v s q ) ∗ e x p s r a i n v ∗ r i n v s q
;
i f ( e f l a g ) eng = ( param−>c5∗ rp − param−>c6∗ rq ) ∗ e x p s r a i n v ;
∗ /
/ / V=(14.39965173∗ q1∗q2∗ e r f c ( r / B ) / r+A∗ exp (− r / ( . 2 9 ) ) where A and B are
f a c t o r s ; and q i s a charge
/ /−dV / dr =14.39965173∗ q1∗q2∗ e r f c ( r / B ) / r ˆ2+28.79930346∗ q1∗q2∗ exp (− r ˆ 2 / B
ˆ 2 ) / ( r ∗ s q r t ( Pi ) ∗B ) +3.448275862∗A∗ exp (−3.448275862∗ r )
/∗ below i s d i s a b l e d m o d i f i e d code f o r s e p a r a t i o n
do ub l e r ;
do ub l e paramer fcrbyB , e x p n e g r b y p t 2 9 ;
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r = s q r t ( r s q ) ;
paramer fc rbyB = param−>e r f c ∗ e r f c ( r / param−>b igb ) ; e x p n e g r b y p t 2 9=exp
(−3.448275862∗ r ) ;
∗ /
f f o r c e =0; / / ( 1 . 0 / r ) ∗ ( paramer fc rbyB / r s q+param−>d e l e r f c ∗ ( exp (− r s q / ( param
−>b igb ∗param−>b igb ) ) ) / r+param−>d e l e x p ∗ e x p n e g r b y p t 2 9 ) ; / / ” e x t r a r ” b
/ c i t ’ s x i e d by l e n g t h v e c t o r i n compute ( )
i f ( e f l a g ) eng = 0 ; / / ( paramer fc rbyB ) / r + param−>b iga ∗ e x p n e g r b y p t 2 9 ;
}
/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗ /
void PairMBMH : : t h r e e b o d y ( Param ∗ p a r a m i j , Param ∗ paramik , Param ∗ pa rami jk
,
double r sq1 , double r sq2 ,
double ∗ d e l r 1 , double ∗ d e l r 2 ,
double ∗ f j , double ∗ fk , i n t e f l a g , double &eng )
{
double r1 , r i n v s q 1 , r a i n v 1 , g s r a i n v 1 , g s r a i n v s q 1 ; / / , e x p g s r a i n v 1 ;
double r2 , r i n v s q 2 , r a i n v 2 , g s r a i n v 2 , g s r a i n v s q 2 ; / / , e x p g s r a i n v 2 ;
double r i nv12 , cs , d e l c s , d e l c s s q , expexp , l a m b d a e p s i l o n e x p e x p ;
double cssq , snsq , cscb , cspwr4 , sncs sq , d e l s q x s n c s s q ; / / added
double gsterm1 , gs term2 , cs3 te rm , cs3 te rm1 , cs3 te rm2 , cs4 te rm , cs4 te rm1 ,
c s 4 t e r m 2 ;
r1 = s q r t ( r s q 1 ) ;
r i n v s q 1 = 1 . 0 / r s q 1 ;
r a i n v 1 = 1 . 0 / ( r1 − p a r a m i j−>c u t ) ;
g s r a i n v 1 = p a r a m i j−>sigma gamma ∗ r a i n v 1 ;
g s r a i n v s q 1 = g s r a i n v 1 ∗ r a i n v 1 ; / / / r1 ;
/ / e x p g s r a i n v 1 = exp ( g s r a i n v 1 ) ;
r2 = s q r t ( r s q 2 ) ;
r i n v s q 2 = 1 . 0 / r s q 2 ;
r a i n v 2 = 1 . 0 / ( r2 − paramik−>c u t ) ;
g s r a i n v 2 = paramik−>sigma gamma ∗ r a i n v 2 ;
g s r a i n v s q 2 = g s r a i n v 2 ∗ r a i n v 2 ; / / / r2 ;
/ / e x p g s r a i n v 2 = exp ( g s r a i n v 2 ) ;
r i n v 1 2 = 1 . 0 / ( r1 ∗ r2 ) ;
c s = ( d e l r 1 [ 0 ]∗ d e l r 2 [ 0 ] + d e l r 1 [ 1 ]∗ d e l r 2 [ 1 ] + d e l r 1 [ 2 ]∗ d e l r 2 [ 2 ] ) ∗
r i n v 1 2 ;
c s s q = cs ∗ cs ;
sn sq =1.0− c s s q ;
c scb = c s s q ∗ cs ;
cspwr4= cscb ∗ cs ;
s n c s s q = c s s q ∗ snsq ;
d e l c s = cs − pa rami jk−>c o s t h e t a ;
d e l c s s q = d e l c s ∗ d e l c s ;
d e l s q x s n c s s q = d e l c s s q ∗ s n c s s q ;
l a m b d a e p s i l o n e x p e x p = pa rami jk−>l a m b d a e p s i l o n ∗ exp ( g s r a i n v 1 + g s r a i n v 2 ) ;
/ / e x p g s r a i n v 1 ∗ e x p g s r a i n v 2 ; / / ma j id : why n o t exp ( a+b ) ?
gs t e rm1 = d e l s q x s n c s s q ∗ g s r a i n v s q 1 ; gs t e rm2 = d e l s q x s n c s s q ∗ g s r a i n v s q 2 ;
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c s 4 t e r m = 2 . 0 ∗ ( ( d e l c s ∗ c scb + d e l c s s q ∗ c s s q ) ∗ snsq−d e l c s s q ∗ cspwr4 ) ; c s 4 t e r m 1
= c s 4 t e r m / r1 ; c s 4 t e r m 2 = c s 4 t e r m / r2 ;
c s 3 t e r m = 2.0∗ ( (− d e l c s ∗ cssq−d e l c s s q ∗ cs ) ∗ snsq + d e l c s s q ∗ c scb ) ∗
l a m b d a e p s i l o n e x p e x p ; c s 3 t e r m 1 = c s 3 t e r m / r1 ; c s 3 t e r m 2 = c s 3 t e r m / r2 ;
/ / f ( v ) f u n c t i o n . ( d e l c s ˆ2∗ cs ( v ) ˆ2∗ sn ˆ2∗ gs / ( r1 ( v )−as ) ˆ 2 + ( ( 2∗ d e l c s ∗ cs ( v )
ˆ3+2∗ d e l c s ˆ2∗ cs ( v ) ˆ 2 ) ∗ sn ˆ2−2∗ d e l c s ˆ2∗ cs ( v ) ˆ 4 ) / r1 ) ∗LE∗ exp ˆ2∗ Vr1ha t
+((−2∗ d e l c s ∗ cs ( v ) ˆ2−2∗ d e l c s ˆ2∗ cs ( v ) ) ∗ sn ˆ2+2∗ d e l c s ˆ2∗ cs ( v ) ˆ 3 ) ∗LE∗ exp
ˆ2∗ Vr2ha t / r1
f j [ 0 ] = ( gs t e rm1 + c s 4 t e r m 1 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 1 [ 0 ] / r1 + c s 3 t e r m 1 ∗
d e l r 2 [ 0 ] / r2 ;
f j [ 1 ] = ( gs t e rm1 + c s 4 t e r m 1 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 1 [ 1 ] / r1 + c s 3 t e r m 1 ∗
d e l r 2 [ 1 ] / r2 ;
f j [ 2 ] = ( gs t e rm1 + c s 4 t e r m 1 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 1 [ 2 ] / r1 + c s 3 t e r m 1 ∗
d e l r 2 [ 2 ] / r2 ;
fk [ 0 ] = ( gs t e rm2 + c s 4 t e r m 2 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 2 [ 0 ] / r2 + c s 3 t e r m 2 ∗
d e l r 1 [ 0 ] / r1 ;
fk [ 1 ] = ( gs t e rm2 + c s 4 t e r m 2 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 2 [ 1 ] / r2 + c s 3 t e r m 2 ∗
d e l r 1 [ 1 ] / r1 ;
fk [ 2 ] = ( gs t e rm2 + c s 4 t e r m 2 ) ∗ l a m b d a e p s i l o n e x p e x p ∗ d e l r 2 [ 2 ] / r2 + c s 3 t e r m 2 ∗
d e l r 1 [ 2 ] / r1 ;
i f ( e f l a g ) eng = l a m b d a e p s i l o n e x p e x p ∗ d e l s q x s n c s s q ;
}
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LAMMPS SOURCE MODIFICATION TEST
Simulation Setup Script
l a b e l i n i t s
d imens ion 3
u n i t s m e t a l
boundary p p p
newton on
a t o m s t y l e c h a r g e
v a r i a b l e a e q u a l (300∗9 .67114349 e−05) +12.3918
# geomet ry
# p r i m i t i v e v e c s a1 −.5 . 5 . 5 a2 . 5 −.5 . 5 a3 . 5 . 5 −.5 &
# c o n v e n t i o n a l a1 1 0 0 a2 0 1 0 a3 0 0 1 &
# b a s i s v e c s below , A1 ( 1 6 ) , A2 ( 2 4 ) ,O( 9 6 ) , Y ( 2 4 ) i n order , f o r c o n v e n t i o n a l
# h a l f o f t h a t f o r p r i m i t i v e
#ERROR I n p u t l i n e t o o long ! ! changed i n p u t . cpp MAXLINES
# u s i n g $a as i n i t i a l
l a t t i c e custom $a &
b a s i s 0 . 0 0 . 0 0 . 0 &
b a s i s 0 . 5 0 0 . 5 &
b a s i s 0 0 . 5 0 . 5 &
b a s i s 0 . 5 0 . 5 0 &
b a s i s 0 . 7 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 5 0 . 5 0 . 5 &
b a s i s 0 0 . 5 0 &
b a s i s 0 . 5 0 0 &
b a s i s 0 0 0 . 5 &
b a s i s 0 .375 0 0 . 2 5 &
b a s i s 0 .125 0 0 . 7 5 &
b a s i s 0 .625 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .375 0 &
b a s i s 0 . 7 5 0 .125 0 &
b a s i s 0 . 2 5 0 .625 0 . 5 &
b a s i s 0 . 7 5 0 .875 0 . 5 &
b a s i s 0 0 . 2 5 0 .375 &
b a s i s 0 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .875 &
b a s i s 0 . 7 5 0 .625 0 &
b a s i s 0 . 7 5 0 .375 0 . 5 &
b a s i s 0 . 2 5 0 .875 0 &
b a s i s 0 . 2 5 0 .125 0 . 5 &
b a s i s 0 .125 0 . 5 0 . 2 5 &
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b a s i s 0 .875 0 0 . 2 5 &
b a s i s 0 .375 0 . 5 0 . 7 5 &
b a s i s 0 .625 0 0 . 7 5 &
b a s i s 0 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .375 &
b a s i s 0 .28023 0 .1011 0 .19922 &
b a s i s 0 .21977 0 .8989 0 .69922 &
b a s i s 0 .71977 0 .6011 0 .30078 &
b a s i s 0 .78023 0 .3989 0 .80078 &
b a s i s 0 .19922 0 .28023 0 .1011 &
b a s i s 0 .69922 0 .21977 0 .8989 &
b a s i s 0 .30078 0 .71977 0 .6011 &
b a s i s 0 .80078 0 .78023 0 .3989 &
b a s i s 0 .1011 0 .19922 0 .28023 &
b a s i s 0 .8989 0 .69922 0 .21977 &
b a s i s 0 .6011 0 .30078 0 .71977 &
b a s i s 0 .3989 0 .80078 0 .78023 &
b a s i s 0 .8511 0 .53023 0 .05078 &
b a s i s 0 .6489 0 .46977 0 .55078 &
b a s i s 0 .3511 0 .96977 0 .94922 &
b a s i s 0 .1489 0 .03023 0 .44922 &
b a s i s 0 .03023 0 .44922 0 .1489 &
b a s i s 0 .96977 0 .94922 0 .3511 &
b a s i s 0 .46977 0 .55078 0 .6489 &
b a s i s 0 .53023 0 .05078 0 .8511 &
b a s i s 0 .94922 0 .3511 0 .96977 &
b a s i s 0 .44922 0 .1489 0 .03023 &
b a s i s 0 .05078 0 .8511 0 .53023 &
b a s i s 0 .55078 0 .6489 0 .46977 &
b a s i s 0 .71977 0 .8989 0 .80078 &
b a s i s 0 .78023 0 .1011 0 .30078 &
b a s i s 0 .28023 0 .3989 0 .69922 &
b a s i s 0 .21977 0 .6011 0 .19922 &
b a s i s 0 .80078 0 .71977 0 .8989 &
b a s i s 0 .30078 0 .78023 0 .1011 &
b a s i s 0 .69922 0 .28023 0 .3989 &
b a s i s 0 .19922 0 .21977 0 .6011 &
b a s i s 0 .8989 0 .80078 0 .71977 &
b a s i s 0 .1011 0 .30078 0 .78023 &
b a s i s 0 .3989 0 .69922 0 .28023 &
b a s i s 0 .6011 0 .19922 0 .21977 &
b a s i s 0 .1489 0 .46977 0 .94922 &
b a s i s 0 .3511 0 .53023 0 .44922 &
b a s i s 0 .6489 0 .03023 0 .05078 &
b a s i s 0 .8511 0 .96977 0 .55078 &
b a s i s 0 .96977 0 .55078 0 .8511 &
b a s i s 0 .03023 0 .05078 0 .6489 &
b a s i s 0 .53023 0 .44922 0 .3511 &
b a s i s 0 .46977 0 .94922 0 .1489 &
b a s i s 0 .05078 0 .6489 0 .03023 &
b a s i s 0 .55078 0 .8511 0 .96977 &
b a s i s 0 .94922 0 .1489 0 .46977 &
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b a s i s 0 .44922 0 .3511 0 .53023 &
b a s i s 0 .78023 0 .6011 0 .69922 &
b a s i s 0 .71977 0 .3989 0 .19922 &
b a s i s 0 .21977 0 .1011 0 .80078 &
b a s i s 0 .28023 0 .8989 0 .30078 &
b a s i s 0 .69922 0 .78023 0 .6011 &
b a s i s 0 .19922 0 .71977 0 .3989 &
b a s i s 0 .80078 0 .21977 0 .1011 &
b a s i s 0 .30078 0 .28023 0 .8989 &
b a s i s 0 .6011 0 .69922 0 .78023 &
b a s i s 0 .3989 0 .19922 0 .71977 &
b a s i s 0 .1011 0 .80078 0 .21977 &
b a s i s 0 .8989 0 .30078 0 .28023 &
b a s i s 0 .3511 0 .03023 0 .55078 &
b a s i s 0 .1489 0 .96977 0 .05078 &
b a s i s 0 .8511 0 .46977 0 .44922 &
b a s i s 0 .6489 0 .53023 0 .94922 &
b a s i s 0 .53023 0 .94922 0 .6489 &
b a s i s 0 .46977 0 .44922 0 .8511 &
b a s i s 0 .96977 0 .05078 0 .1489 &
b a s i s 0 .03023 0 .55078 0 .3511 &
b a s i s 0 .44922 0 .8511 0 .46977 &
b a s i s 0 .94922 0 .6489 0 .53023 &
b a s i s 0 .55078 0 .3511 0 .03023 &
b a s i s 0 .05078 0 .1489 0 .96977 &
b a s i s 0 .21977 0 .3989 0 .30078 &
b a s i s 0 .28023 0 .6011 0 .80078 &
b a s i s 0 .78023 0 .8989 0 .19922 &
b a s i s 0 .71977 0 .1011 0 .69922 &
b a s i s 0 .30078 0 .21977 0 .3989 &
b a s i s 0 .80078 0 .28023 0 .6011 &
b a s i s 0 .19922 0 .78023 0 .8989 &
b a s i s 0 .69922 0 .71977 0 .1011 &
b a s i s 0 .3989 0 .30078 0 .21977 &
b a s i s 0 .6011 0 .80078 0 .28023 &
b a s i s 0 .8989 0 .19922 0 .78023 &
b a s i s 0 .1011 0 .69922 0 .71977 &
b a s i s 0 .6489 0 .96977 0 .44922 &
b a s i s 0 .8511 0 .03023 0 .94922 &
b a s i s 0 .1489 0 .53023 0 .55078 &
b a s i s 0 .3511 0 .46977 0 .05078 &
b a s i s 0 .46977 0 .05078 0 .3511 &
b a s i s 0 .53023 0 .55078 0 .1489 &
b a s i s 0 .03023 0 .94922 0 .8511 &
b a s i s 0 .96977 0 .44922 0 .6489 &
b a s i s 0 .55078 0 .1489 0 .53023 &
b a s i s 0 .05078 0 .3511 0 .46977 &
b a s i s 0 .44922 0 .6489 0 .96977 &
b a s i s 0 .94922 0 .8511 0 .03023 &
b a s i s 0 .125 0 0 . 2 5 &
b a s i s 0 .375 0 0 . 7 5 &
b a s i s 0 .875 0 . 5 0 . 2 5 &
b a s i s 0 .625 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .125 0 &
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b a s i s 0 . 7 5 0 .375 0 &
b a s i s 0 . 2 5 0 .875 0 . 5 &
b a s i s 0 . 7 5 0 .625 0 . 5 &
b a s i s 0 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .375 &
b a s i s 0 . 5 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 7 5 0 .625 &
b a s i s 0 .875 0 0 . 7 5 &
b a s i s 0 .625 0 0 . 2 5 &
b a s i s 0 .125 0 . 5 0 . 7 5 &
b a s i s 0 .375 0 . 5 0 . 2 5 &
b a s i s 0 . 7 5 0 .875 0 &
b a s i s 0 . 2 5 0 .625 0 &
b a s i s 0 . 7 5 0 .125 0 . 5 &
b a s i s 0 . 2 5 0 .375 0 . 5 &
b a s i s 0 0 . 7 5 0 .875 &
b a s i s 0 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .375 &
r e g i o n w h o l e t h i n g b l o c k 0 1 0 1 0 1 u n i t s l a t t i c e
c r e a t e b o x 4 w h o l e t h i n g #no . i s n t y p e s ∗∗∗
# a f t e r b a s i s kw 1 s t no . i s b a s i s atm , 2nd i s t y p e
c r e a t e a t o m s 1 box b a s i s 1 1 # c r e a t e s 160 atoms a t
once
# . . . w i l l need t o spec t y p e s
group Al1 i d <> 1 16
group Al2 i d <> 17 40
group Al un ion Al1 Al2
group O i d <> 41 136
group Y i d <> 137 160
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
#Atom p r o p e r t i e s
mass 1 26 .98 # Al
mass 2 15 .999 #O
mass 3 88 .906 #Y
mass 4 6 9 . 7 # Dopant Ga f o r Al
# can add a dopan t as mass 4
s e t group O c h a r g e −2.0 #O (−2)
s e t group Al c h a r g e 3 . 0 # Al (+3) . . . t h e doped−f o r atom
s e t group Y c h a r g e 3 . 0 #Y (+3)
i n c l u d e r u n r e q s . lmpin
# l o o k i n g a t one s i d e o f s im box
v a r i a b l e dx e q u a l 2
v a r i a b l e l y e q u a l 2
v a r i a b l e l z e q u a l 2
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# c r e a t e s l a b t o be e x t r u d e d
r e p l i c a t e 1 2 2
r e p l i c a t e 2 1 1
#random s u b s t i t u t i o n
s e t group Al t y p e / f r a c t i o n 4 0 1234 # ∗∗∗
group Ga t y p e 4
s e t group Ga c h a r g e 3 . 0 #Ga
v a r i a b l e T e q u a l 300
v e l o c i t y a l l c r e a t e 300 1234 d i s t g a u s s i a n
r e s e t t i m e s t e p 0
w r i t e r e s t a r t r . r e s t a r t
Interatomic Potentials
runreqs.lmpin
t i m e s t e p . 0 0 2
k s p a c e s t y l e pppm .00001 # u s u a l l y a t . 0001 b u t need some speed , . 00001
c o n s e r v e s b u t s low
# p o t e n t i a l s b l o c k
p a i r s t y l e h y b r i d / o v e r l a y born / c o u l / l ong 4 . 0 7 . 0 mbmh mbmh2
##2 body params
#w / o Ga
p a i r c o e f f 2 2 born / c o u l / l ong 2449 .44 0 .2907 0 0 0
p a i r c o e f f 1 2 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 2 3 born / c o u l / l ong 1250 .85 0 .3497 0 0 0
p a i r c o e f f 1 1 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 3 born / c o u l / l ong 245 .14 0 .071124 0 0 0
p a i r c o e f f 1 3 born / c o u l / l ong 256 .55 0 .071124 0 0 0
#w Ga , r e p l a c e d t h e 1 s w 4 s ( b u t s m a l l e r no . has t o be 1 s t
p a i r c o e f f 2 4 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 4 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 1 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 4 born / c o u l / l ong 256 .55 0 .071124 0 0 0
##3 body params
p a i r c o e f f ∗ ∗ mbmh yag . mbmh A O Y A #maps 4 t h t y p e t o A
p a i r c o e f f ∗ ∗ mbmh2 yag . mbmh2 A O Y A
# r e c o v e r y from a b i n a r y w / d i f f e r e n t no o f p r o c s
n e i g h m o d i f y d e l a y 0 e v e r y 1 check yes
3-Body parameters (yag.mbmh)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
#b / c same param used i n 2 body and we don t want t o z e r o t h a t
A A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #cut@5
312 .11 14 .06 3 . 0 3 . 0 0 . 0
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A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 3 . 0 149 .324 2 . 8 −0.333333333333 # O−Al−O
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #cut@3
2449 .44 3 . 4 4 −2.0 −2.0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1250 .85 2 . 8 6 −2.0 3 . 0 0 . 0
Y A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 3 . 0 168 .25 2 . 8 −0.333333333333 #
1250 .85 2 . 8 6 3 . 0 −2.0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@3
245 .14 14 .06 3 . 0 3 . 0 0 . 0
3-Body parameters (yag.mbmh2)
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#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
# a c t u a l l y z e r o t h e two−body i n t e r a c t i o n here
A A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
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Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Simulation Execution
l a b e l s t a r t
## i n p u t
r e a d r e s t a r t r . r e s t a r t
# s t u f f n o t i n r e s t a r t f i l e
i n c l u d e r u n r e q s . lmpin
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
s e t group Ga t y p e 4
group AlGa un ion Al Ga
v a r i a b l e a e q u a l (300∗9 .67114349 e−05) +12.3918
l a t t i c e sc 1 s p a c i n g $a $a $a
v a r i a b l e U e q u a l e t o t a l
v a r i a b l e t s e q u a l s t e p
v a r i a b l e dx e q u a l 2
v a r i a b l e l y e q u a l 2
v a r i a b l e l z e q u a l 2
v a r i a b l e Tk e q u a l 300
compute kea a l l ke / atom
f i x nve f a l l nve
# two s t a g e s : 1 . t h e r m a l i z e 2 . s s w h i l e r e c o r d i n g
# what s t a g e i s t h e sim a t ?
i f ${ t s }<1000000 then ” jump a c t i o n s . lmpin exe ” &
e l s e ” jump a c t i o n s . lmpin end ”
l a b e l exe
# j u s t so i can have f i l e names w / t i m e s t e p s
f i x e o f a l l ave / t ime 1 1 10 v U f i l e ${ t s } . cumdE . a v e t i m e
run 1000000 up to e v e r y 1000 ” w r i t e r e s t a r t r . r e s t a r t ”
l a b e l end
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LAMMPS SCRIPTS FOR LATTICE CONSTANT, SPECIFIC HEAT, THERMAL
EXPANSION
Simulation Setup
This script sets up the simulation.
l a b e l i n i t s
d imens ion 3
u n i t s m e t a l
boundary p p p
newton on
a t o m s t y l e c h a r g e
# geomet ry
# p r i m i t i v e v e c s a1 −.5 . 5 . 5 a2 . 5 −.5 . 5 a3 . 5 . 5 −.5 &
# c o n v e n t i o n a l a1 1 0 0 a2 0 1 0 a3 0 0 1 &
# b a s i s v e c s below , A1 ( 1 6 ) , A2 ( 2 4 ) ,O( 9 6 ) , Y ( 2 4 ) i n order , f o r c o n v e n t i o n a l
# h a l f o f t h a t f o r p r i m i t i v e
#ERROR I n p u t l i n e t o o long ! ! changed i n p u t . cpp MAXLINES
# u s i n g 1 2 . 0 as i n i t i a l
l a t t i c e custom 1 2 . 0 &
b a s i s 0 . 0 0 . 0 0 . 0 &
b a s i s 0 . 5 0 0 . 5 &
b a s i s 0 0 . 5 0 . 5 &
b a s i s 0 . 5 0 . 5 0 &
b a s i s 0 . 7 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 5 0 . 5 0 . 5 &
b a s i s 0 0 . 5 0 &
b a s i s 0 . 5 0 0 &
b a s i s 0 0 0 . 5 &
b a s i s 0 .375 0 0 . 2 5 &
b a s i s 0 .125 0 0 . 7 5 &
b a s i s 0 .625 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .375 0 &
b a s i s 0 . 7 5 0 .125 0 &
b a s i s 0 . 2 5 0 .625 0 . 5 &
b a s i s 0 . 7 5 0 .875 0 . 5 &
b a s i s 0 0 . 2 5 0 .375 &
b a s i s 0 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .875 &
b a s i s 0 . 7 5 0 .625 0 &
b a s i s 0 . 7 5 0 .375 0 . 5 &
b a s i s 0 . 2 5 0 .875 0 &
b a s i s 0 . 2 5 0 .125 0 . 5 &
b a s i s 0 .125 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 0 . 2 5 &
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b a s i s 0 .375 0 . 5 0 . 7 5 &
b a s i s 0 .625 0 0 . 7 5 &
b a s i s 0 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .375 &
b a s i s 0 .28023 0 .1011 0 .19922 &
b a s i s 0 .21977 0 .8989 0 .69922 &
b a s i s 0 .71977 0 .6011 0 .30078 &
b a s i s 0 .78023 0 .3989 0 .80078 &
b a s i s 0 .19922 0 .28023 0 .1011 &
b a s i s 0 .69922 0 .21977 0 .8989 &
b a s i s 0 .30078 0 .71977 0 .6011 &
b a s i s 0 .80078 0 .78023 0 .3989 &
b a s i s 0 .1011 0 .19922 0 .28023 &
b a s i s 0 .8989 0 .69922 0 .21977 &
b a s i s 0 .6011 0 .30078 0 .71977 &
b a s i s 0 .3989 0 .80078 0 .78023 &
b a s i s 0 .8511 0 .53023 0 .05078 &
b a s i s 0 .6489 0 .46977 0 .55078 &
b a s i s 0 .3511 0 .96977 0 .94922 &
b a s i s 0 .1489 0 .03023 0 .44922 &
b a s i s 0 .03023 0 .44922 0 .1489 &
b a s i s 0 .96977 0 .94922 0 .3511 &
b a s i s 0 .46977 0 .55078 0 .6489 &
b a s i s 0 .53023 0 .05078 0 .8511 &
b a s i s 0 .94922 0 .3511 0 .96977 &
b a s i s 0 .44922 0 .1489 0 .03023 &
b a s i s 0 .05078 0 .8511 0 .53023 &
b a s i s 0 .55078 0 .6489 0 .46977 &
b a s i s 0 .71977 0 .8989 0 .80078 &
b a s i s 0 .78023 0 .1011 0 .30078 &
b a s i s 0 .28023 0 .3989 0 .69922 &
b a s i s 0 .21977 0 .6011 0 .19922 &
b a s i s 0 .80078 0 .71977 0 .8989 &
b a s i s 0 .30078 0 .78023 0 .1011 &
b a s i s 0 .69922 0 .28023 0 .3989 &
b a s i s 0 .19922 0 .21977 0 .6011 &
b a s i s 0 .8989 0 .80078 0 .71977 &
b a s i s 0 .1011 0 .30078 0 .78023 &
b a s i s 0 .3989 0 .69922 0 .28023 &
b a s i s 0 .6011 0 .19922 0 .21977 &
b a s i s 0 .1489 0 .46977 0 .94922 &
b a s i s 0 .3511 0 .53023 0 .44922 &
b a s i s 0 .6489 0 .03023 0 .05078 &
b a s i s 0 .8511 0 .96977 0 .55078 &
b a s i s 0 .96977 0 .55078 0 .8511 &
b a s i s 0 .03023 0 .05078 0 .6489 &
b a s i s 0 .53023 0 .44922 0 .3511 &
b a s i s 0 .46977 0 .94922 0 .1489 &
b a s i s 0 .05078 0 .6489 0 .03023 &
b a s i s 0 .55078 0 .8511 0 .96977 &
b a s i s 0 .94922 0 .1489 0 .46977 &
b a s i s 0 .44922 0 .3511 0 .53023 &
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b a s i s 0 .78023 0 .6011 0 .69922 &
b a s i s 0 .71977 0 .3989 0 .19922 &
b a s i s 0 .21977 0 .1011 0 .80078 &
b a s i s 0 .28023 0 .8989 0 .30078 &
b a s i s 0 .69922 0 .78023 0 .6011 &
b a s i s 0 .19922 0 .71977 0 .3989 &
b a s i s 0 .80078 0 .21977 0 .1011 &
b a s i s 0 .30078 0 .28023 0 .8989 &
b a s i s 0 .6011 0 .69922 0 .78023 &
b a s i s 0 .3989 0 .19922 0 .71977 &
b a s i s 0 .1011 0 .80078 0 .21977 &
b a s i s 0 .8989 0 .30078 0 .28023 &
b a s i s 0 .3511 0 .03023 0 .55078 &
b a s i s 0 .1489 0 .96977 0 .05078 &
b a s i s 0 .8511 0 .46977 0 .44922 &
b a s i s 0 .6489 0 .53023 0 .94922 &
b a s i s 0 .53023 0 .94922 0 .6489 &
b a s i s 0 .46977 0 .44922 0 .8511 &
b a s i s 0 .96977 0 .05078 0 .1489 &
b a s i s 0 .03023 0 .55078 0 .3511 &
b a s i s 0 .44922 0 .8511 0 .46977 &
b a s i s 0 .94922 0 .6489 0 .53023 &
b a s i s 0 .55078 0 .3511 0 .03023 &
b a s i s 0 .05078 0 .1489 0 .96977 &
b a s i s 0 .21977 0 .3989 0 .30078 &
b a s i s 0 .28023 0 .6011 0 .80078 &
b a s i s 0 .78023 0 .8989 0 .19922 &
b a s i s 0 .71977 0 .1011 0 .69922 &
b a s i s 0 .30078 0 .21977 0 .3989 &
b a s i s 0 .80078 0 .28023 0 .6011 &
b a s i s 0 .19922 0 .78023 0 .8989 &
b a s i s 0 .69922 0 .71977 0 .1011 &
b a s i s 0 .3989 0 .30078 0 .21977 &
b a s i s 0 .6011 0 .80078 0 .28023 &
b a s i s 0 .8989 0 .19922 0 .78023 &
b a s i s 0 .1011 0 .69922 0 .71977 &
b a s i s 0 .6489 0 .96977 0 .44922 &
b a s i s 0 .8511 0 .03023 0 .94922 &
b a s i s 0 .1489 0 .53023 0 .55078 &
b a s i s 0 .3511 0 .46977 0 .05078 &
b a s i s 0 .46977 0 .05078 0 .3511 &
b a s i s 0 .53023 0 .55078 0 .1489 &
b a s i s 0 .03023 0 .94922 0 .8511 &
b a s i s 0 .96977 0 .44922 0 .6489 &
b a s i s 0 .55078 0 .1489 0 .53023 &
b a s i s 0 .05078 0 .3511 0 .46977 &
b a s i s 0 .44922 0 .6489 0 .96977 &
b a s i s 0 .94922 0 .8511 0 .03023 &
b a s i s 0 .125 0 0 . 2 5 &
b a s i s 0 .375 0 0 . 7 5 &
b a s i s 0 .875 0 . 5 0 . 2 5 &
b a s i s 0 .625 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .125 0 &
b a s i s 0 . 7 5 0 .375 0 &
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b a s i s 0 . 2 5 0 .875 0 . 5 &
b a s i s 0 . 7 5 0 .625 0 . 5 &
b a s i s 0 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .375 &
b a s i s 0 . 5 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 7 5 0 .625 &
b a s i s 0 .875 0 0 . 7 5 &
b a s i s 0 .625 0 0 . 2 5 &
b a s i s 0 .125 0 . 5 0 . 7 5 &
b a s i s 0 .375 0 . 5 0 . 2 5 &
b a s i s 0 . 7 5 0 .875 0 &
b a s i s 0 . 2 5 0 .625 0 &
b a s i s 0 . 7 5 0 .125 0 . 5 &
b a s i s 0 . 2 5 0 .375 0 . 5 &
b a s i s 0 0 . 7 5 0 .875 &
b a s i s 0 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .375 &
r e g i o n w h o l e t h i n g b l o c k 0 1 0 1 0 1 u n i t s l a t t i c e
c r e a t e b o x 4 w h o l e t h i n g #no . i s n t y p e s ∗∗∗
# a f t e r b a s i s kw 1 s t no . i s b a s i s atm , 2nd i s t y p e
c r e a t e a t o m s 1 box b a s i s 1 1 # c r e a t e s 160 atoms a t
once
# . . . w i l l need t o spec t y p e s
group Al1 i d <> 1 16
group Al2 i d <> 17 40
group Al un ion Al1 Al2
group O i d <> 41 136
group Y i d <> 137 160
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
#Atom p r o p e r t i e s
mass 1 26 .98 # Al
mass 2 15 .999 #O
mass 3 88 .906 #Y
mass 4 6 9 . 7 # Dopant Ga f o r Al
# can add a dopan t as mass 4
s e t group O c h a r g e −2.0 #O (−2)
s e t group Al c h a r g e 3 . 0 # Al (+3) . . . t h e doped f o r atom
s e t group Y c h a r g e 3 . 0 #Y (+3)
i n c l u d e r u n r e q s . lmpin
f i x r e l a x b o x f i x a l l box / r e l a x i s o $p
min imize 0 0 1000 1000
r e p l i c a t e $ud $ud $ud
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#random doping
s e t group Al t y p e / f r a c t i o n 4 $dp $dseed # ∗∗∗
group Ga t y p e 4
s e t group Ga c h a r g e 3 . 0 #Ga
v a r i a b l e T0 e q u a l 10
v e l o c i t y a l l c r e a t e ${T0} $vseed d i s t g a u s s i a n
r e s e t t i m e s t e p 0
w r i t e r e s t a r t r . r e s t a r t
Interatomic Potentials
runreqs.lmpin
t i m e s t e p . 0 0 2
k s p a c e s t y l e pppm .0001
p a i r s t y l e h y b r i d / o v e r l a y born / c o u l / l ong 4 . 0 7 . 0 mbmh mbmh2
##2 body params
#w / o Ga
p a i r c o e f f 2 2 born / c o u l / l ong 2449 .44 0 .2907 0 0 0
p a i r c o e f f 1 2 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 2 3 born / c o u l / l ong 1250 .85 0 .3497 0 0 0
p a i r c o e f f 1 1 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 3 born / c o u l / l ong 245 .14 0 .071124 0 0 0
p a i r c o e f f 1 3 born / c o u l / l ong 256 .55 0 .071124 0 0 0
#w Ga , r e p l a c e d t h e 1 s w 4 s ( b u t s m a l l e r no . has t o be 1 s t
p a i r c o e f f 2 4 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 4 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 1 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 4 born / c o u l / l ong 256 .55 0 .071124 0 0 0
##3 body params
p a i r c o e f f ∗ ∗ mbmh yag . mbmh A O Y A #maps 4 t h t y p e t o A
p a i r c o e f f ∗ ∗ mbmh2 yag . mbmh2 A O Y A
# r e c o v e r y from a b i n a r y w / d i f f e n t no o f p r o c s
n e i g h m o d i f y d e l a y 0 e v e r y 1 check yes
3-Body parameters (yag.mbmh)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
#b / c same param used i n 2 body and we don t want t o z e r o t h a t
A A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #cut@5
312 .11 14 .06 3 . 0 3 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
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0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 3 . 0 149 .324 2 . 8 −0.333333333333 # O−Al−O
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #cut@3
2449 .44 3 . 4 4 −2.0 −2.0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1250 .85 2 . 8 6 −2.0 3 . 0 0 . 0
Y A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 3 . 0 168 .25 2 . 8 −0.333333333333 #
1250 .85 2 . 8 6 3 . 0 −2.0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@3
245 .14 14 .06 3 . 0 3 . 0 0 . 0
3-Body parameters (yag.mbmh2)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
# a c t u a l l y z e r o t h e two−body i n t e r a c t i o n here
56
A A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
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0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Simulation Execution
## i n p u t
r e a d r e s t a r t r . r e s t a r t
# s t u f f n o t i n r e s t a r t f i l e
i n c l u d e r u n r e q s . lmpin
# 1 . i n p u t min s t r u c t 2 . s e t T0 3 . n p t f o r a long t i m e
# 4 . i n c r e a s e by 100 K or so u n t i l TF
v a r i a b l e udXts e q u a l 10000∗ ( $ud ) ˆ3 # cook t i m e
v a r i a b l e U e q u a l e t o t a l
v a r i a b l e T e q u a l temp
v a r i a b l e P e q u a l p r e s s
v a r i a b l e a e q u a l ( v o l ˆ ( 1 . 0 / 3 . 0 ) ) / $ud
v a r i a b l e T0 e q u a l 10
v a r i a b l e t s e q u a l s t e p
v a r i a b l e i n i t l o o p n o e q u a l f l o o r ( ( ${ t s } / ${ udXts } ) ) +1
v a r i a b l e todo e q u a l 30− f l o o r ( ( ${ t s } / ${ udXts } ) ) # c u r r l o o p i s f l o o r +1
i f ” ${ t odo }==0 ” then ” jump a c t i o n s . lmpin byp as s ”
v a r i a b l e l o o p v a r loop ${ t odo } # i f s e t t o 0 t h e n w i l l g e t an e r r o r
# t h a t i don ’ t care abou t
# want s im t o go t o r i g h t l oop i n i t i a l l y from read t s
# a s s i g n T t g t , t h e n c o n t i n u e t o loop
l a b e l l oop
v a r i a b l e c u r r l o o p n o e q u a l ${ l o o p v a r }+${ i n i t l o o p n o }−1 #a workaround f o r
l o o p v a r b / c s t a r t s w / 1
v a r i a b l e T t g t e q u a l ${T0}+( ${ c u r r l o o p n o }−1)∗100
v e l o c i t y a l l s c a l e ${ T t g t }
# use r e s c a l e f o r a s t e p
#on 2nd t h o u g h t i don ’ t want a b r u p t v d e l t a s
f i x n p t f i x a l l n p t temp ${ T t g t } ${ T t g t } 1 i s o $p $p 10 drag 1
f i x a v g f i x a l l ave / t ime 10 100 1000 v U v T v P v a f i l e ${ T t g t } . ${ t s } .
t he rmoavgs . a v e t i m e
v a r i a b l e r u n f o r e q u a l ${ udXts }∗ ( ${ c u r r l o o p n o } ) # has t o be b i g g e r than
1000
run ${ r u n f o r } up to e v e r y 1000 ” w r i t e r e s t a r t r . r e s t a r t ”
# p r i n t o u t l a s t avged
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n e x t l o o p v a r
jump a c t i o n s . lmpin loop
l a b e l b yp as s
LAMMPS SCRIPTS FOR MELTING TEMPERATURE
Simulation Setup
l a b e l i n i t s
d imens ion 3
u n i t s m e t a l
boundary p p p
newton on
a t o m s t y l e c h a r g e
# geomet ry
# p r i m i t i v e v e c s a1 −.5 . 5 . 5 a2 . 5 −.5 . 5 a3 . 5 . 5 −.5 &
# c o n v e n t i o n a l a1 1 0 0 a2 0 1 0 a3 0 0 1 &
# b a s i s v e c s below , A1 ( 1 6 ) , A2 ( 2 4 ) ,O( 9 6 ) , Y ( 2 4 ) i n order , f o r c o n v e n t i o n a l
# h a l f o f t h a t f o r p r i m i t i v e
#ERROR I n p u t l i n e t o o long ! ! changed i n p u t . cpp MAXLINES
# u s i n g 1 2 . 0 as i n i t i a l
l a t t i c e custom 1 2 . 0 &
b a s i s 0 . 0 0 . 0 0 . 0 &
b a s i s 0 . 5 0 0 . 5 &
b a s i s 0 0 . 5 0 . 5 &
b a s i s 0 . 5 0 . 5 0 &
b a s i s 0 . 7 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 5 0 . 5 0 . 5 &
b a s i s 0 0 . 5 0 &
b a s i s 0 . 5 0 0 &
b a s i s 0 0 0 . 5 &
b a s i s 0 .375 0 0 . 2 5 &
b a s i s 0 .125 0 0 . 7 5 &
b a s i s 0 .625 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .375 0 &
b a s i s 0 . 7 5 0 .125 0 &
b a s i s 0 . 2 5 0 .625 0 . 5 &
b a s i s 0 . 7 5 0 .875 0 . 5 &
b a s i s 0 0 . 2 5 0 .375 &
b a s i s 0 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .875 &
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b a s i s 0 . 7 5 0 .625 0 &
b a s i s 0 . 7 5 0 .375 0 . 5 &
b a s i s 0 . 2 5 0 .875 0 &
b a s i s 0 . 2 5 0 .125 0 . 5 &
b a s i s 0 .125 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 0 . 2 5 &
b a s i s 0 .375 0 . 5 0 . 7 5 &
b a s i s 0 .625 0 0 . 7 5 &
b a s i s 0 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .375 &
b a s i s 0 .28023 0 .1011 0 .19922 &
b a s i s 0 .21977 0 .8989 0 .69922 &
b a s i s 0 .71977 0 .6011 0 .30078 &
b a s i s 0 .78023 0 .3989 0 .80078 &
b a s i s 0 .19922 0 .28023 0 .1011 &
b a s i s 0 .69922 0 .21977 0 .8989 &
b a s i s 0 .30078 0 .71977 0 .6011 &
b a s i s 0 .80078 0 .78023 0 .3989 &
b a s i s 0 .1011 0 .19922 0 .28023 &
b a s i s 0 .8989 0 .69922 0 .21977 &
b a s i s 0 .6011 0 .30078 0 .71977 &
b a s i s 0 .3989 0 .80078 0 .78023 &
b a s i s 0 .8511 0 .53023 0 .05078 &
b a s i s 0 .6489 0 .46977 0 .55078 &
b a s i s 0 .3511 0 .96977 0 .94922 &
b a s i s 0 .1489 0 .03023 0 .44922 &
b a s i s 0 .03023 0 .44922 0 .1489 &
b a s i s 0 .96977 0 .94922 0 .3511 &
b a s i s 0 .46977 0 .55078 0 .6489 &
b a s i s 0 .53023 0 .05078 0 .8511 &
b a s i s 0 .94922 0 .3511 0 .96977 &
b a s i s 0 .44922 0 .1489 0 .03023 &
b a s i s 0 .05078 0 .8511 0 .53023 &
b a s i s 0 .55078 0 .6489 0 .46977 &
b a s i s 0 .71977 0 .8989 0 .80078 &
b a s i s 0 .78023 0 .1011 0 .30078 &
b a s i s 0 .28023 0 .3989 0 .69922 &
b a s i s 0 .21977 0 .6011 0 .19922 &
b a s i s 0 .80078 0 .71977 0 .8989 &
b a s i s 0 .30078 0 .78023 0 .1011 &
b a s i s 0 .69922 0 .28023 0 .3989 &
b a s i s 0 .19922 0 .21977 0 .6011 &
b a s i s 0 .8989 0 .80078 0 .71977 &
b a s i s 0 .1011 0 .30078 0 .78023 &
b a s i s 0 .3989 0 .69922 0 .28023 &
b a s i s 0 .6011 0 .19922 0 .21977 &
b a s i s 0 .1489 0 .46977 0 .94922 &
b a s i s 0 .3511 0 .53023 0 .44922 &
b a s i s 0 .6489 0 .03023 0 .05078 &
b a s i s 0 .8511 0 .96977 0 .55078 &
b a s i s 0 .96977 0 .55078 0 .8511 &
b a s i s 0 .03023 0 .05078 0 .6489 &
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b a s i s 0 .53023 0 .44922 0 .3511 &
b a s i s 0 .46977 0 .94922 0 .1489 &
b a s i s 0 .05078 0 .6489 0 .03023 &
b a s i s 0 .55078 0 .8511 0 .96977 &
b a s i s 0 .94922 0 .1489 0 .46977 &
b a s i s 0 .44922 0 .3511 0 .53023 &
b a s i s 0 .78023 0 .6011 0 .69922 &
b a s i s 0 .71977 0 .3989 0 .19922 &
b a s i s 0 .21977 0 .1011 0 .80078 &
b a s i s 0 .28023 0 .8989 0 .30078 &
b a s i s 0 .69922 0 .78023 0 .6011 &
b a s i s 0 .19922 0 .71977 0 .3989 &
b a s i s 0 .80078 0 .21977 0 .1011 &
b a s i s 0 .30078 0 .28023 0 .8989 &
b a s i s 0 .6011 0 .69922 0 .78023 &
b a s i s 0 .3989 0 .19922 0 .71977 &
b a s i s 0 .1011 0 .80078 0 .21977 &
b a s i s 0 .8989 0 .30078 0 .28023 &
b a s i s 0 .3511 0 .03023 0 .55078 &
b a s i s 0 .1489 0 .96977 0 .05078 &
b a s i s 0 .8511 0 .46977 0 .44922 &
b a s i s 0 .6489 0 .53023 0 .94922 &
b a s i s 0 .53023 0 .94922 0 .6489 &
b a s i s 0 .46977 0 .44922 0 .8511 &
b a s i s 0 .96977 0 .05078 0 .1489 &
b a s i s 0 .03023 0 .55078 0 .3511 &
b a s i s 0 .44922 0 .8511 0 .46977 &
b a s i s 0 .94922 0 .6489 0 .53023 &
b a s i s 0 .55078 0 .3511 0 .03023 &
b a s i s 0 .05078 0 .1489 0 .96977 &
b a s i s 0 .21977 0 .3989 0 .30078 &
b a s i s 0 .28023 0 .6011 0 .80078 &
b a s i s 0 .78023 0 .8989 0 .19922 &
b a s i s 0 .71977 0 .1011 0 .69922 &
b a s i s 0 .30078 0 .21977 0 .3989 &
b a s i s 0 .80078 0 .28023 0 .6011 &
b a s i s 0 .19922 0 .78023 0 .8989 &
b a s i s 0 .69922 0 .71977 0 .1011 &
b a s i s 0 .3989 0 .30078 0 .21977 &
b a s i s 0 .6011 0 .80078 0 .28023 &
b a s i s 0 .8989 0 .19922 0 .78023 &
b a s i s 0 .1011 0 .69922 0 .71977 &
b a s i s 0 .6489 0 .96977 0 .44922 &
b a s i s 0 .8511 0 .03023 0 .94922 &
b a s i s 0 .1489 0 .53023 0 .55078 &
b a s i s 0 .3511 0 .46977 0 .05078 &
b a s i s 0 .46977 0 .05078 0 .3511 &
b a s i s 0 .53023 0 .55078 0 .1489 &
b a s i s 0 .03023 0 .94922 0 .8511 &
b a s i s 0 .96977 0 .44922 0 .6489 &
b a s i s 0 .55078 0 .1489 0 .53023 &
b a s i s 0 .05078 0 .3511 0 .46977 &
b a s i s 0 .44922 0 .6489 0 .96977 &
b a s i s 0 .94922 0 .8511 0 .03023 &
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b a s i s 0 .125 0 0 . 2 5 &
b a s i s 0 .375 0 0 . 7 5 &
b a s i s 0 .875 0 . 5 0 . 2 5 &
b a s i s 0 .625 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .125 0 &
b a s i s 0 . 7 5 0 .375 0 &
b a s i s 0 . 2 5 0 .875 0 . 5 &
b a s i s 0 . 7 5 0 .625 0 . 5 &
b a s i s 0 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .375 &
b a s i s 0 . 5 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 7 5 0 .625 &
b a s i s 0 .875 0 0 . 7 5 &
b a s i s 0 .625 0 0 . 2 5 &
b a s i s 0 .125 0 . 5 0 . 7 5 &
b a s i s 0 .375 0 . 5 0 . 2 5 &
b a s i s 0 . 7 5 0 .875 0 &
b a s i s 0 . 2 5 0 .625 0 &
b a s i s 0 . 7 5 0 .125 0 . 5 &
b a s i s 0 . 2 5 0 .375 0 . 5 &
b a s i s 0 0 . 7 5 0 .875 &
b a s i s 0 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .375 &
r e g i o n w h o l e t h i n g b l o c k 0 1 0 1 0 1 u n i t s l a t t i c e
c r e a t e b o x 4 w h o l e t h i n g #no . i s n t y p e s ∗∗∗
# a f t e r b a s i s kw 1 s t no . i s b a s i s atm , 2nd i s t y p e
c r e a t e a t o m s 1 box b a s i s 1 1 # c r e a t e s 160 atoms a t
once
# . . . w i l l need t o spec t y p e s
group Al1 i d <> 1 16
group Al2 i d <> 17 40
group Al un ion Al1 Al2
group O i d <> 41 136
group Y i d <> 137 160
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
#Atom p r o p e r t i e s
mass 1 26 .98 # Al
mass 2 15 .999 #O
mass 3 88 .906 #Y
mass 4 6 9 . 7 # Dopant Ga f o r Al
# can add a dopan t as mass 4
s e t group O c h a r g e −2.0 #O (−2)
s e t group Al c h a r g e 3 . 0 # Al (+3) . . . t h e doped f o r atom
s e t group Y c h a r g e 3 . 0 #Y (+3)
i n c l u d e r u n r e q s . lmpin
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f i x r e l a x b o x f i x a l l box / r e l a x i s o $p
min imize 0 0 1000 1000
r e p l i c a t e $ud $ud $ud
#random doping
s e t group Al t y p e / f r a c t i o n 4 $dp $dseed # ∗∗∗
group Ga t y p e 4
s e t group Ga c h a r g e 3 . 0 #Ga
# d e l e t e atoms
d e l e t e a t o m s group Ga
v a r i a b l e T0 e q u a l 1500 # i ’ ve g o t a n o t h e r T0
v e l o c i t y a l l c r e a t e ${T0} $vseed d i s t g a u s s i a n
r e s e t t i m e s t e p 0
w r i t e r e s t a r t r . r e s t a r t
Interatomic Potentials
runreqs.lmpin
t i m e s t e p . 0 0 2
k s p a c e s t y l e pppm .0001
p a i r s t y l e h y b r i d / o v e r l a y born / c o u l / l ong 4 . 0 7 . 0 mbmh mbmh2
##2 body params
#w / o Ga
p a i r c o e f f 2 2 born / c o u l / l ong 2449 .44 0 .2907 0 0 0
p a i r c o e f f 1 2 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 2 3 born / c o u l / l ong 1250 .85 0 .3497 0 0 0
p a i r c o e f f 1 1 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 3 born / c o u l / l ong 245 .14 0 .071124 0 0 0
p a i r c o e f f 1 3 born / c o u l / l ong 256 .55 0 .071124 0 0 0
#w Ga , r e p l a c e d t h e 1 s w 4 s ( b u t s m a l l e r no . has t o be 1 s t
p a i r c o e f f 2 4 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 4 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 1 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 4 born / c o u l / l ong 256 .55 0 .071124 0 0 0
##3 body params
p a i r c o e f f ∗ ∗ mbmh yag . mbmh A O Y A #maps 4 t h t y p e t o A
p a i r c o e f f ∗ ∗ mbmh2 yag . mbmh2 A O Y A
# r e c o v e r y from a b i n a r y w / d i f f e n t no o f p r o c s
n e i g h m o d i f y d e l a y 0 e v e r y 1 check yes
3-Body parameters (yag.mbmh)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
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#b / c same param used i n 2 body and we don t want t o z e r o t h a t
A A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #cut@5
312 .11 14 .06 3 . 0 3 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 3 . 0 149 .324 2 . 8 −0.333333333333 # O−Al−O
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #cut@3
2449 .44 3 . 4 4 −2.0 −2.0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1250 .85 2 . 8 6 −2.0 3 . 0 0 . 0
Y A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 3 . 0 168 .25 2 . 8 −0.333333333333 #
1250 .85 2 . 8 6 3 . 0 −2.0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
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Y Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@3
245 .14 14 .06 3 . 0 3 . 0 0 . 0
3-Body parameters (yag.mbmh2)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
# a c t u a l l y z e r o t h e two−body i n t e r a c t i o n here
A A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
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Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Simulation Execution
## i n p u t
r e a d r e s t a r t r . r e s t a r t
# s t u f f n o t i n r e s t a r t f i l e
i n c l u d e r u n r e q s . lmpin
# 1 . i n p u t min s t r u c t 2 . s e t T0 3 . n p t f o r a long t i m e
# 4 . i n c r e a s e by 100 K or so u n t i l TF
v a r i a b l e udXts e q u a l 100000 # 10000∗ ( $ud ) ˆ3 # cook t i m e
v a r i a b l e U e q u a l e t o t a l
v a r i a b l e PE e q u a l pe
v a r i a b l e T e q u a l temp
v a r i a b l e P e q u a l p r e s s
v a r i a b l e a e q u a l ( v o l ˆ ( 1 . 0 / 3 . 0 ) ) / $ud
v a r i a b l e T0 e q u a l 1500 # i ’ ve g o t a n o t h e r T0
v a r i a b l e t s e q u a l s t e p
group r a n d a i d 711 16 559 169 66 853 582 1126 844 871 &
143 607 894 621 825 289 178 76 233 1127
v a r i a b l e i n i t l o o p n o e q u a l f l o o r ( ( ${ t s } / ${ udXts } ) ) +1
v a r i a b l e todo e q u a l 200− f l o o r ( ( ${ t s } / ${ udXts } ) ) # c u r r l o o p i s f l o o r +1
i f ${ t odo }==0 then ” jump a c t i o n s . lmpin by pas s ”
v a r i a b l e l o o p v a r loop ${ t odo } # i f s e t t o 0 t h e n w i l l g e t an e r r o r
# t h a t i don ’ t care abou t
# want s im t o go t o r i g h t l oop i n i t i a l l y from read t s
# a s s i g n T t g t , t h e n c o n t i n u e t o loop
l a b e l l oop
v a r i a b l e c u r r l o o p n o e q u a l ${ l o o p v a r }+${ i n i t l o o p n o }−1 #a workaround f o r
l o o p v a r b / c s t a r t s w / 1
v a r i a b l e T t g t e q u a l ${T0}+( ${ c u r r l o o p n o }−1)∗10 #dT=10
v e l o c i t y a l l s c a l e ${ T t g t }
# use r e s c a l e f o r a s t e p
#on 2nd t h o u g h t i don ’ t want a b r u p t v d e l t a s
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f i x n p t f i x a l l n p t temp ${ T t g t } ${ T t g t } 1 i s o $p $p 10 drag 1
f i x a v g f i x a l l ave / t ime 10 100 1000 v U v T v P v a v PE f i l e ${ T t g t } . ${
t s } . t he rmoavgs . a v e t i m e
i f ”1500<=${ T t g t } && ${ T t g t }<=3500” then &
” jump a c t i o n s . lmpin dumpandrdf ”
l a b e l dumpandrdf
dump r i j d u m p r a n d a custom 5 ${ t s } . ${ T t g t } . dump i d t y p e xu yu zu
compute r d f c a l l r d f 100
f i x r d f o u t a l l ave / t ime 10 100 1000 c r d f c f i l e ${ t s } . ${ T t g t } . r d f mode
v e c t o r
v a r i a b l e r u n f o r e q u a l ${ udXts }∗ ( ${ c u r r l o o p n o } ) # has t o be b i g g e r than
1000
run ${ r u n f o r } up to e v e r y 1000 ” w r i t e r e s t a r t r . r e s t a r t ”
i f ”1500<=${ T t g t } && ${ T t g t }<=3500” then ” jump a c t i o n s . lmpin p o s t p r o c ” &
e l s e ” jump a c t i o n s . lmpin d o n t p o s t p r o c ”
l a b e l p o s t p r o c
undump r i j d u m p
uncompute r d f c
s h e l l / home / a ldosams / p r o g s / s age / s age −py thon . . / d u m p s 2 l i s . py
l a b e l d o n t p o s t p r o c
n e x t l o o p v a r
jump a c t i o n s . lmpin loop
l a b e l b yp as s
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LAMMPS NON-EQUILIBRIUM THERMAL CONDUCTIVITY CODE
Simulation Setup Script
This script sets up the simulation.
l a b e l i n i t s
d imens ion 3
u n i t s m e t a l
boundary p p p
newton on
a t o m s t y l e c h a r g e
v a r i a b l e a e q u a l ( ${Tk}∗9.67114349 e−05) +12.3918
# geomet ry
# p r i m i t i v e v e c s a1 −.5 . 5 . 5 a2 . 5 −.5 . 5 a3 . 5 . 5 −.5 &
# c o n v e n t i o n a l a1 1 0 0 a2 0 1 0 a3 0 0 1 &
# b a s i s v e c s below , A1 ( 1 6 ) , A2 ( 2 4 ) ,O( 9 6 ) , Y ( 2 4 ) i n order , f o r c o n v e n t i o n a l
#ERROR I n p u t l i n e t o o long ! ! changed i n p u t . cpp MAXLINES
l a t t i c e custom $a &
b a s i s 0 . 0 0 . 0 0 . 0 &
b a s i s 0 . 5 0 0 . 5 &
b a s i s 0 0 . 5 0 . 5 &
b a s i s 0 . 5 0 . 5 0 &
b a s i s 0 . 7 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 2 5 0 . 7 5 0 . 7 5 &
b a s i s 0 . 2 5 0 . 2 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 7 5 0 . 2 5 &
b a s i s 0 . 7 5 0 . 2 5 0 . 7 5 &
b a s i s 0 . 5 0 . 5 0 . 5 &
b a s i s 0 0 . 5 0 &
b a s i s 0 . 5 0 0 &
b a s i s 0 0 0 . 5 &
b a s i s 0 .375 0 0 . 2 5 &
b a s i s 0 .125 0 0 . 7 5 &
b a s i s 0 .625 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .375 0 &
b a s i s 0 . 7 5 0 .125 0 &
b a s i s 0 . 2 5 0 .625 0 . 5 &
b a s i s 0 . 7 5 0 .875 0 . 5 &
b a s i s 0 0 . 2 5 0 .375 &
b a s i s 0 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .875 &
b a s i s 0 . 7 5 0 .625 0 &
b a s i s 0 . 7 5 0 .375 0 . 5 &
b a s i s 0 . 2 5 0 .875 0 &
b a s i s 0 . 2 5 0 .125 0 . 5 &
b a s i s 0 .125 0 . 5 0 . 2 5 &
b a s i s 0 .875 0 0 . 2 5 &
b a s i s 0 .375 0 . 5 0 . 7 5 &
b a s i s 0 .625 0 0 . 7 5 &
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b a s i s 0 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .375 &
b a s i s 0 .28023 0 .1011 0 .19922 &
b a s i s 0 .21977 0 .8989 0 .69922 &
b a s i s 0 .71977 0 .6011 0 .30078 &
b a s i s 0 .78023 0 .3989 0 .80078 &
b a s i s 0 .19922 0 .28023 0 .1011 &
b a s i s 0 .69922 0 .21977 0 .8989 &
b a s i s 0 .30078 0 .71977 0 .6011 &
b a s i s 0 .80078 0 .78023 0 .3989 &
b a s i s 0 .1011 0 .19922 0 .28023 &
b a s i s 0 .8989 0 .69922 0 .21977 &
b a s i s 0 .6011 0 .30078 0 .71977 &
b a s i s 0 .3989 0 .80078 0 .78023 &
b a s i s 0 .8511 0 .53023 0 .05078 &
b a s i s 0 .6489 0 .46977 0 .55078 &
b a s i s 0 .3511 0 .96977 0 .94922 &
b a s i s 0 .1489 0 .03023 0 .44922 &
b a s i s 0 .03023 0 .44922 0 .1489 &
b a s i s 0 .96977 0 .94922 0 .3511 &
b a s i s 0 .46977 0 .55078 0 .6489 &
b a s i s 0 .53023 0 .05078 0 .8511 &
b a s i s 0 .94922 0 .3511 0 .96977 &
b a s i s 0 .44922 0 .1489 0 .03023 &
b a s i s 0 .05078 0 .8511 0 .53023 &
b a s i s 0 .55078 0 .6489 0 .46977 &
b a s i s 0 .71977 0 .8989 0 .80078 &
b a s i s 0 .78023 0 .1011 0 .30078 &
b a s i s 0 .28023 0 .3989 0 .69922 &
b a s i s 0 .21977 0 .6011 0 .19922 &
b a s i s 0 .80078 0 .71977 0 .8989 &
b a s i s 0 .30078 0 .78023 0 .1011 &
b a s i s 0 .69922 0 .28023 0 .3989 &
b a s i s 0 .19922 0 .21977 0 .6011 &
b a s i s 0 .8989 0 .80078 0 .71977 &
b a s i s 0 .1011 0 .30078 0 .78023 &
b a s i s 0 .3989 0 .69922 0 .28023 &
b a s i s 0 .6011 0 .19922 0 .21977 &
b a s i s 0 .1489 0 .46977 0 .94922 &
b a s i s 0 .3511 0 .53023 0 .44922 &
b a s i s 0 .6489 0 .03023 0 .05078 &
b a s i s 0 .8511 0 .96977 0 .55078 &
b a s i s 0 .96977 0 .55078 0 .8511 &
b a s i s 0 .03023 0 .05078 0 .6489 &
b a s i s 0 .53023 0 .44922 0 .3511 &
b a s i s 0 .46977 0 .94922 0 .1489 &
b a s i s 0 .05078 0 .6489 0 .03023 &
b a s i s 0 .55078 0 .8511 0 .96977 &
b a s i s 0 .94922 0 .1489 0 .46977 &
b a s i s 0 .44922 0 .3511 0 .53023 &
b a s i s 0 .78023 0 .6011 0 .69922 &
b a s i s 0 .71977 0 .3989 0 .19922 &
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b a s i s 0 .21977 0 .1011 0 .80078 &
b a s i s 0 .28023 0 .8989 0 .30078 &
b a s i s 0 .69922 0 .78023 0 .6011 &
b a s i s 0 .19922 0 .71977 0 .3989 &
b a s i s 0 .80078 0 .21977 0 .1011 &
b a s i s 0 .30078 0 .28023 0 .8989 &
b a s i s 0 .6011 0 .69922 0 .78023 &
b a s i s 0 .3989 0 .19922 0 .71977 &
b a s i s 0 .1011 0 .80078 0 .21977 &
b a s i s 0 .8989 0 .30078 0 .28023 &
b a s i s 0 .3511 0 .03023 0 .55078 &
b a s i s 0 .1489 0 .96977 0 .05078 &
b a s i s 0 .8511 0 .46977 0 .44922 &
b a s i s 0 .6489 0 .53023 0 .94922 &
b a s i s 0 .53023 0 .94922 0 .6489 &
b a s i s 0 .46977 0 .44922 0 .8511 &
b a s i s 0 .96977 0 .05078 0 .1489 &
b a s i s 0 .03023 0 .55078 0 .3511 &
b a s i s 0 .44922 0 .8511 0 .46977 &
b a s i s 0 .94922 0 .6489 0 .53023 &
b a s i s 0 .55078 0 .3511 0 .03023 &
b a s i s 0 .05078 0 .1489 0 .96977 &
b a s i s 0 .21977 0 .3989 0 .30078 &
b a s i s 0 .28023 0 .6011 0 .80078 &
b a s i s 0 .78023 0 .8989 0 .19922 &
b a s i s 0 .71977 0 .1011 0 .69922 &
b a s i s 0 .30078 0 .21977 0 .3989 &
b a s i s 0 .80078 0 .28023 0 .6011 &
b a s i s 0 .19922 0 .78023 0 .8989 &
b a s i s 0 .69922 0 .71977 0 .1011 &
b a s i s 0 .3989 0 .30078 0 .21977 &
b a s i s 0 .6011 0 .80078 0 .28023 &
b a s i s 0 .8989 0 .19922 0 .78023 &
b a s i s 0 .1011 0 .69922 0 .71977 &
b a s i s 0 .6489 0 .96977 0 .44922 &
b a s i s 0 .8511 0 .03023 0 .94922 &
b a s i s 0 .1489 0 .53023 0 .55078 &
b a s i s 0 .3511 0 .46977 0 .05078 &
b a s i s 0 .46977 0 .05078 0 .3511 &
b a s i s 0 .53023 0 .55078 0 .1489 &
b a s i s 0 .03023 0 .94922 0 .8511 &
b a s i s 0 .96977 0 .44922 0 .6489 &
b a s i s 0 .55078 0 .1489 0 .53023 &
b a s i s 0 .05078 0 .3511 0 .46977 &
b a s i s 0 .44922 0 .6489 0 .96977 &
b a s i s 0 .94922 0 .8511 0 .03023 &
b a s i s 0 .125 0 0 . 2 5 &
b a s i s 0 .375 0 0 . 7 5 &
b a s i s 0 .875 0 . 5 0 . 2 5 &
b a s i s 0 .625 0 . 5 0 . 7 5 &
b a s i s 0 . 2 5 0 .125 0 &
b a s i s 0 . 7 5 0 .375 0 &
b a s i s 0 . 2 5 0 .875 0 . 5 &
b a s i s 0 . 7 5 0 .625 0 . 5 &
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b a s i s 0 0 . 2 5 0 .125 &
b a s i s 0 0 . 7 5 0 .375 &
b a s i s 0 . 5 0 . 2 5 0 .875 &
b a s i s 0 . 5 0 . 7 5 0 .625 &
b a s i s 0 .875 0 0 . 7 5 &
b a s i s 0 .625 0 0 . 2 5 &
b a s i s 0 .125 0 . 5 0 . 7 5 &
b a s i s 0 .375 0 . 5 0 . 2 5 &
b a s i s 0 . 7 5 0 .875 0 &
b a s i s 0 . 2 5 0 .625 0 &
b a s i s 0 . 7 5 0 .125 0 . 5 &
b a s i s 0 . 2 5 0 .375 0 . 5 &
b a s i s 0 0 . 7 5 0 .875 &
b a s i s 0 0 . 2 5 0 .625 &
b a s i s 0 . 5 0 . 7 5 0 .125 &
b a s i s 0 . 5 0 . 2 5 0 .375 &
r e g i o n w h o l e t h i n g b l o c k 0 1 0 1 0 1 u n i t s l a t t i c e
c r e a t e b o x 4 w h o l e t h i n g #no . i s n t y p e s ∗∗∗
# a f t e r b a s i s kw 1 s t no . i s b a s i s atm , 2nd i s t y p e
c r e a t e a t o m s 1 box b a s i s 1 1 # c r e a t e s 160 atoms a t
once
# . . . w i l l need t o spec t y p e s
group Al1 i d <> 1 16
group Al2 i d <> 17 40
group Al un ion Al1 Al2
group O i d <> 41 136
group Y i d <> 137 160
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
#Atom p r o p e r t i e s
mass 1 26 .98 # Al
mass 2 15 .999 #O
mass 3 88 .906 #Y
mass 4 6 9 . 7 # Dopant Ga f o r Al
# can add a dopan t as mass 4
s e t group O c h a r g e −2.0 #O (−2)
s e t group Al c h a r g e 3 . 0 # Al (+3) . . . t h e doped−f o r atom
s e t group Y c h a r g e 3 . 0 #Y (+3)
i n c l u d e r u n r e q s . lmpin
# l o o k i n g a t one s i d e o f s im box
v a r i a b l e dx e q u a l $dx
v a r i a b l e hsx e q u a l $hsx # h e a t e r or s i n k w i d t h
v a r i a b l e handsw e q u a l ${ hsx }∗2
v a r i a b l e l y e q u a l $ l y
v a r i a b l e l z e q u a l $ l z
v a r i a b l e h a l f s i m b o x w i d t h e q u a l ${dx}+${handsw}
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v a r i a b l e s imboxwid th e q u a l 2∗${ h a l f s i m b o x w i d t h }
# c r e a t e s l a b t o be e x t r u d e d
r e p l i c a t e 1 $ l y $ l z
r e p l i c a t e ${ s imboxwid th } 1 1
#random s u b s t i t u t i o n
s e t group Al t y p e / f r a c t i o n 4 $dp $dseed # ∗∗∗
group Ga t y p e 4
s e t group Ga c h a r g e 3 . 0 #Ga
# |0− s i n k−n1−dx−n2−h e a t e r−n3−h e a t e r−n4−dx−n5−s i n k−n6 |
v a r i a b l e p a r t g i n d e x l s i n k l d x l h e a t e r r h e a t e r rdx r s i n k
v a r i a b l e p a r t l i n d e x $hsx $dx $hsx $hsx $dx $hsx
v a r i a b l e s l a b i e q u a l 160∗ $ l y ∗ $ l z
v a r i a b l e s t a r t i d e q u a l 1
l a b e l e x t r u d e
v a r i a b l e e n d i d e q u a l ${ s t a r t i d }+${ s l a b i }∗${ p a r t l }−1
group ${ p a r t g } i d <> ${ s t a r t i d } ${ e n d i d }
v a r i a b l e s t a r t i d e q u a l ${ e n d i d }+1
n e x t p a r t g
n e x t p a r t l
jump s e t u p . lmpin e x t r u d e
group s i n k s un ion l s i n k r s i n k
group h e a t e r s un ion l h e a t e r r h e a t e r
group g r a d s un ion l d x rdx
v a r i a b l e T e q u a l $Tk
v a r i a b l e TC e q u a l $Tk−$dT / 2
v e l o c i t y a l l c r e a t e ${TC} $vseed d i s t g a u s s i a n
v a r i a b l e TH e q u a l $Tk+$dT / 2
v a r i a b l e dToverdx e q u a l $dT / $dx
v a r i a b l e dT e q u a l $dT
v e l o c i t y s i n k s s c a l e ${TC}
v e l o c i t y h e a t e r s s c a l e ${TH}
v a r i a b l e nGa e q u a l c o u n t ( Ga )
# l e f t s i d e
v a r i a b l e xmn e q u a l bound ( ldx , xmin )
v a r i a b l e xmx e q u a l bound ( ldx , xmax )
i f ${nGa} == 0 then &
” v a r i a b l e g r o u p i i n d e x Al O Y” &
” v a r i a b l e t p g i n d e x l A l lO lY ” e l s e &
” v a r i a b l e g r o u p i i n d e x Al O Y Ga” &
” v a r i a b l e t p g i n d e x l A l lO lY lGa ”
l a b e l t p l
group ${ t p g } i n t e r s e c t l d x ${ g r o u p i }
v a r i a b l e m i n d e x 26 .98 15 .99 88 .906 6 9 . 7
v a r i a b l e VEhi e q u a l 1 .579347774∗ ($m∗${dT } ) ˆ ( 1 / 2 ) / $m # −1.579347774∗($m
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∗300) ˆ ( 1 / 2 ) / $m
v e l o c i t y ${ t p g } ramp vy 0 ${VEhi} x ${xmn} ${xmx} sum yes u n i t s box
n e x t t p g
n e x t g r o u p i
n e x t m
jump s e t u p . lmpin t p l
v a r i a b l e t p g d e l e t e
v a r i a b l e g r o u p i d e l e t e
v a r i a b l e m d e l e t e
# r i g h t s i d e
v a r i a b l e xmn e q u a l bound ( rdx , xmin )
v a r i a b l e xmx e q u a l bound ( rdx , xmax )
i f ${nGa} == 0 then &
” v a r i a b l e g r o u p i i n d e x Al O Y” &
” v a r i a b l e t p g i n d e x rAl rO rY ” e l s e &
” v a r i a b l e g r o u p i i n d e x Al O Y Ga” &
” v a r i a b l e t p g i n d e x rAl rO rY rGa ”
l a b e l t p r
group ${ t p g } i n t e r s e c t rdx ${ g r o u p i }
v a r i a b l e m i n d e x 26 .98 15 .99 88 .906 6 9 . 7
v a r i a b l e VEhi e q u a l 1 .579347774∗ ($m∗${dT } ) ˆ ( 1 / 2 ) / $m# −1.579347774∗($m
∗300) ˆ ( 1 / 2 ) / $m
v e l o c i t y ${ t p g } ramp vy 0 ${VEhi} x ${xmx} ${xmn} sum yes u n i t s box
n e x t t p g
n e x t g r o u p i
n e x t m
jump s e t u p . lmpin t p r
v a r i a b l e t p g d e l e t e
v a r i a b l e g r o u p i d e l e t e
v a r i a b l e m d e l e t e
r e s e t t i m e s t e p 0
w r i t e r e s t a r t r . r e s t a r t
Interatomic Potentials
runreqs.lmpin
t i m e s t e p . 0 0 1
k s p a c e s t y l e pppm .00001 # u s u a l l y a t . 0001 b u t need some speed , . 00001
c o n s e r v e s b u t s low
# p o t e n t i a l s b l o c k
p a i r s t y l e h y b r i d / o v e r l a y born / c o u l / l ong 4 . 0 7 . 0 mbmh mbmh2
##2 body params
#w / o Ga
p a i r c o e f f 2 2 born / c o u l / l ong 2449 .44 0 .2907 0 0 0
p a i r c o e f f 1 2 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 2 3 born / c o u l / l ong 1250 .85 0 .3497 0 0 0
p a i r c o e f f 1 1 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 3 born / c o u l / l ong 245 .14 0 .071124 0 0 0
p a i r c o e f f 1 3 born / c o u l / l ong 256 .55 0 .071124 0 0 0
#w Ga , r e p l a c e d t h e 1 s w 4 s ( b u t s m a l l e r no . has t o be 1 s t
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p a i r c o e f f 2 4 born / c o u l / l ong 1740 .31 0 .2907 0 0 0
p a i r c o e f f 4 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 1 4 born / c o u l / l ong 312 .11 0 .071124 0 0 0
p a i r c o e f f 3 4 born / c o u l / l ong 256 .55 0 .071124 0 0 0
##3 body params
p a i r c o e f f ∗ ∗ mbmh / yag / commoninput / p o t e n t i a l s / 0 / yag . mbmh A O Y A #maps
4 t h t y p e t o A
p a i r c o e f f ∗ ∗ mbmh2 / yag / commoninput / p o t e n t i a l s / 0 / yag . mbmh2 A O Y A
# r e c o v e r y from a b i n a r y w / d i f f e r e n t no o f p r o c s
n e i g h m o d i f y d e l a y 0 e v e r y 1 check yes
3-Body parameters (yag.mbmh)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
#b / c same param used i n 2 body and we don t want t o z e r o t h a t
A A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #cut@5
312 .11 14 .06 3 . 0 3 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 3 . 0 149 .324 2 . 8 −0.333333333333 # O−Al−O
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1740 .31 3 . 4 4 −2.0 3 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #cut@3
2449 .44 3 . 4 4 −2.0 −2.0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #3b i n 2nd f i l e
1250 .85 2 . 8 6 −2.0 3 . 0 0 . 0
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Y A A 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 3 . 0 168 .25 2 . 8 −0.333333333333 #
1250 .85 2 . 8 6 3 . 0 −2.0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 3 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@3
245 .14 14 .06 3 . 0 3 . 0 0 . 0
3-Body parameters (yag.mbmh2)
#3 body o n l y f o r c e r t a i n k i n d s and o n l y f o r XYY
# ( a ∗ ( s igma =1) ) i s r i j 0 , lambda ∗ ( e p s i l o n =1) i s j u s t lambda
# KEEP IT 1 FOR ALL EVEN IF NO THREE BODY INTERACTION !
# a c t u a l l y z e r o t h e two−body i n t e r a c t i o n here
A A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
A Y Y 1 . 0 1 . 0 5 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , cut@5
256 .55 14 .06 3 . 0 3 . 0 0 . 0
O A A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O A Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
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0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y A 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n t h i s f i l e ( symm
?) , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
O Y Y 1 . 0 1 . 0 2 . 6 6 .242 2 . 0 −0.333333333333 #3b i n 2nd f i l e , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y A Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y O Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y A 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y O 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Y Y Y 1 . 0 1 . 0 0 . 0 0 . 0 0 . 0 −0.333333333333 #no 3b , no 2b
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
Simulation Execution
l a b e l s t a r t
## i n p u t
r e a d r e s t a r t r . r e s t a r t
# s t u f f n o t i n r e s t a r t f i l e
i n c l u d e r u n r e q s . lmpin
s e t group Al t y p e 1
s e t group O t y p e 2
s e t group Y t y p e 3
s e t group Ga t y p e 4
v a r i a b l e a e q u a l ( ${Tk}∗9.67114349 e−05) +12.3918
l a t t i c e sc 1 s p a c i n g $a $a $a
v a r i a b l e s i m s i z e e q u a l (2∗ $hsx+$dx ) ∗2∗ $ l z ∗ $ l y
v a r i a b l e sXt s e q u a l 1000∗ ( ${ s i m s i z e } ) # cook t i m e
v a r i a b l e U e q u a l e t o t a l
# v a r i a b l e Ta e q u a l temp
v a r i a b l e t s e q u a l s t e p
v a r i a b l e dx e q u a l $dx
v a r i a b l e hsx e q u a l $hsx # h e a t e r or s i n k w i d t h
v a r i a b l e handsw e q u a l ${ hsx }∗2
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v a r i a b l e l y e q u a l $ l y
v a r i a b l e l z e q u a l $ l z
v a r i a b l e h a l f s i m b o x w i d t h e q u a l ${dx}+${handsw}
v a r i a b l e Tk e q u a l $Tk
v a r i a b l e TH e q u a l $Tk+$dT / 2
v a r i a b l e TC e q u a l $Tk−$dT / 2
v a r i a b l e dToverdx e q u a l $dT / $dx
v a r i a b l e dT e q u a l $dT
v a r i a b l e dTH e q u a l ${dT } / 2
v a r i a b l e dTC e q u a l −${dT } / 2
compute kea a l l ke / atom
# c o n v e r t s KE t o temp
v a r i a b l e Ta atom ” 7736 .34∗ c k e a ” #=kb / 1 . 5 = 1 1 6 0 4 / 1 . 5
# a s s i g n m e n t o f groups o f atoms
# |0− s i n k−n1−dx−n2−h e a t e r−n3−h e a t e r−n4−dx−n5−s i n k−n6 |
v a r i a b l e p a r t g i n d e x l s i n k l d x l h e a t e r r h e a t e r rdx r s i n k
v a r i a b l e p a r t l i n d e x $hsx $dx $hsx $hsx $dx $hsx
v a r i a b l e s l a b i e q u a l 160∗ $ l y ∗ $ l z
v a r i a b l e s t a r t i d e q u a l 1
l a b e l e x t r u d e
v a r i a b l e e n d i d e q u a l ${ s t a r t i d }+${ s l a b i }∗${ p a r t l }−1
group ${ p a r t g } i d <> ${ s t a r t i d } ${ e n d i d }
v a r i a b l e s t a r t i d e q u a l ${ e n d i d }+1
v a r i a b l e xmn e q u a l bound ( ${ p a r t g } , xmin )
v a r i a b l e xmx e q u a l bound ( ${ p a r t g } , xmax )
p r i n t bounds f o r ${ p a r t g } : min : ${xmn} , max : ${xmx}
n e x t p a r t g
n e x t p a r t l
jump a c t i o n s . lmpin e x t r u d e
group s i n k s un ion l s i n k r s i n k
group h e a t e r s un ion l h e a t e r r h e a t e r
group g r a d s un ion l d x rdx
f i x l g f l d x nve
f i x r g f rdx nve
f i x l h e a t e r f l h e a t e r n v t temp ${TH} ${TH} 1
f i x r h e a t e r f r h e a t e r n v t temp ${TH} ${TH} 1
#why have t o s e p a r a t e ? !
f i x l s i n k f l s i n k n v t temp ${TC} ${TC} 1
f i x r s i n k f r s i n k n v t temp ${TC} ${TC} 1
f i x m o d i f y l h e a t e r f e ne r gy yes
f i x m o d i f y r h e a t e r f e ne r gy yes
f i x m o d i f y l s i n k f e ne r gy yes
f i x m o d i f y r s i n k f e ne r gy yes
# two s t a g e s : 1 . t h e r m a l i z e 2 . s s w h i l e r e c o r d i n g
# what s t a g e i s t h e sim a t ?
i f ${ t s } < ${ sXt s } then ” jump a c t i o n s . lmpin t r a n s i e n t ” &
e l s e ” jump a c t i o n s . lmpin s s ”
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l a b e l t r a n s i e n t
run ${ sXt s } up to e v e r y 1000 ” w r i t e r e s t a r t r . r e s t a r t ”
# need t o e r a s e f i x da ta b / c i don ’ t want t o r e c o r d i t
u n f i x l g f
u n f i x r g f
u n f i x l h e a t e r f
u n f i x r h e a t e r f
u n f i x l s i n k f
u n f i x r s i n k f
w r i t e r e s t a r t r . r e s t a r t # so i don ’ t save p r e v i o u s f i x i n f o
l a b e l s s
f i x l g f l d x nve
f i x r g f rdx nve
f i x l h e a t e r f l h e a t e r n v t temp ${TH} ${TH} 1
f i x r h e a t e r f r h e a t e r n v t temp ${TH} ${TH} 1
f i x l s i n k f l s i n k n v t temp ${TC} ${TC} 1
f i x r s i n k f r s i n k n v t temp ${TC} ${TC} 1
f i x m o d i f y l h e a t e r f e ne r gy yes
f i x m o d i f y r h e a t e r f e ne r gy yes
f i x m o d i f y l s i n k f e ne r gy yes
f i x m o d i f y r s i n k f e ne r gy yes
# en er gy t h a t has gone t h r u s y s ( each s i d e ) . . / 4 i s f o r avg . / 2 t o s p l i t
s y s E i n 2
run 0
# v a r i a b l e Epc e q u a l 100∗ ( s q r t ( f l s i n k f ˆ 2 )+ s q r t ( f l h e a t e r f ˆ 2 )+ s q r t (
f r h e a t e r f ˆ 2 )+ s q r t ( f r s i n k f ˆ 2 ) ) / ( 4 ∗ s q r t ( e t o t a l ˆ 2 ) / 2 )
# j u s t so i can have f i l e names w / t i m e s t e p s
f i x a v g f i x a l l ave / s p a t i a l 10 100 1000 x lower 1 v Ta f i l e ${ t s } .
t e m p p r o f i l e . a v e s p a c i a l
f i x q f a l l ave / t ime 1 1 1000 f l s i n k f f l h e a t e r f f r h e a t e r f f r s i n k f
f i l e ${ t s } . cumdE . a v e t i m e
i f ${ t s } > 1000000 then ” jump a c t i o n s . lmpin end ”
l a b e l keepgo ing
run 1000
w r i t e r e s t a r t r . r e s t a r t
run 0 # i d k why i need t o i n c l u d e t h i s
# i f ${Epc} > . 1 t h e n ”jump a c t i o n s . lmp in end” e l s e ”jump a c t i o n s . lmp in
k e e p g o i n g ”
i f ${ t s } > 1000000 then ” jump a c t i o n s . lmpin end ” e l s e ” jump a c t i o n s .
lmpin keepgo ing ”
l a b e l end
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